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REMARKS 

Applicants have carefully studied the Office Action mailed on August 9, 2002, 
which issued in connection with the above-identified application. The present amendments and 
remarks are intended to be fully responsive to all points of rejection raised by the Examiner and 
are believed to place the claims in condition for allowance. Favorable reconsideration and 
allowance of the present claims are respectfully requested. 

Restriction/Election 

Claims 1-41 were pending and at issue in the application. Li the Office Action, 
the Examiner made final the election of Group II (claims 15-32 and 39) and withdrew claims 1- 
14, 33-38, and 40-41 from consideration. In the Office Action, the Examiner indicated that the 
claims of Group II and Group I (claims 1-14) could be rejoined if the claims of Group I were 
limited to the plasmids with inserts recited in the claims of Group 11. Claim 1 has been canceled 
and the remaining claims have been amended as specified by the Examiner to recite the plasmid 
inserts recited in the claims of Group 11. It is therefore respectfully submitted that claims 2-14 
should be rejoined with claims 15-32 and 39 and examined in the present application. 

Pending Claims 

Claims 1-41 were pending and at issue in the application. Claims 15-32 and 39 
have been rejected under 35 U.S.C. § 112, first and second paragraphs, for lack of enablement 
and as being indefinite. Claims 15-32 and 39 have been also rejected under 35 U.S.C. § 103(a) 
as being obvious over the prior art. 

Claims 33-38, 40 and 41 have been canceled without prejudice as drawn to a non- 
elected invention. Claim 1 has been canceled without prejudice or disclaimer. Claims 5 and 15 
have been amended and their new respective dependent claims 42-43 and 44-45 have been added 
in order to more particularly point out and distinctly claim the invention. Specific support for the 
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newly introduced recitations "a regulatory element for the synthesis of vRNA or cRNA with the 
exact 3' end" and "wherein the regulatory element for the synthesis of vRNA or cRNA with the 
exact 3' end is a ribozyme sequence" can be found, for example, at p. 14, 11. 22-29 and p. 27, 11. 
18-25 of the present specificationV Support for the recitation "thereby resulting in expression of 
vRNA or cRNA " in claim 15 can be found, for example, at p. 10, 11. 3-10; p. 11, 11. 14-24; p. 13, 
11. 7-15; p. 16, 11. 13-18; p. 20, 11. 1-21; p. 27, 1. 25 - p. 28, 1. 8; Example 5, and Figures 1, 5 and 
9. Claim 5 has been also rewritten in independent format and amended following the Examiner's 
suggestion to allow the rejoinder and examination of claims 2-14. Claims 2-4 and 16-17 have 
been amended to correct dependency. Claims 8, 12, 18, and 21-22 have been amended to correct 
formal defects. No new subject matter has been added as a result of these amendments; no new 
search is required, and no new issues are raised. Upon entry of these amendments, claims 2-32, 
39 and 42-45 will be pending. 

35 U.S.C. §112, Second Paragraph, Rejections 

In the Action, claims 15-32 and 39 have been rejected under 35 U.S.C. § 112, 
second paragraph, as being indefinite for failing to particularly point out and distinctly claim the 
subject matter which applicants regard as the invention. Specifically, the Examiner contends that 
the term "autonomous" in claim 15 is unclear. As claim 15 has been amended to delete this 
term, the rejection is rendered moot. 

The Examiner also states that the term "minimum" in claim 15 is a relative term 
that lacks a comparative basis and is therefore unclear. Applicants respectfully disagree and note 
that a detailed and specific definition of this term is provided at p. 29, 11. 16-24 of the present 
specification. According to this definition, a minimum plasmid-based system is the system 



* Page and line numbers provided in the present response correspond to the substitute specification filed on 
January 9, 2002. 
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having the total number of plasmids that does not exceed the total number of gene segments from 
the source RNA virus. In fact, in the last three sentences at p. 4 (continuing at p. 5) of the Office 
Action the Examiner himself states that he understands the term "minimum" to mean precisely as 
defined at p. 29, 11. 16-24 of the specification. 

The Examiner further objects to the use of the word "are" in line 6 of claim 15. In 
response, applicants respectfully note that the term "are" refers to several sequences {i.e., viral 
cDNA corresponding to viral genomic segment, pol I promoter, and a regulatory element for the 
synthesis of vRNA or cRNA with the exact 3' end), which are inserted between pol II promoter 
and a polyadenylation signal. 

The Examiner's objection at p. 3 of the Office Action to the terms in lines 2-3 of 
claim 15 is believed to be without merit. Regarding the composition of the cloned viral cDNA 
recited in claim 15, applicants respectfully note that each plasmid constituting the minimum 
plasmid-based system of the instant invention comprises a viral cDNA corresponding to one 
viral genomic segment. 

In the Action, the Examiner also objects to the use of the phrase "having a map 
selected from" in claims 23 and 24. It is respectfully submitted that the phrase "having a map" is 
not indefinite and means that the encompassed plasmids are organized like the recited specific 
plasmids pHW241-PB2, pHW242-PBl, pHW243-PA, pHW244-HA, pHW245-NP, pHW246- 
NA, pHW247-M, pHW248-NS, pHW181-PB2, pHW182-PBl, pHW183-PA, pHW184-HA, 
pHW185-NP, pHW186-NA, pHW187-M, or pHW188-NS, but are not necessarily the same. In 
other words, these plasmids contain the same sequences and distribution of pol I promoter, a 
regulatory element for the synthesis of vRNA or cRNA with the exact 3' end (e.g., pol I 
terminator or ribozyme sequence), pol II promoter, polyadenylation signal, selection marker, 
repUcation system, etc. (see the definitions and descriptions provided at p. 42, 11. 11-19, p. 55, 1. 
16 - p. 57, 1. 13 and Figures 3A-B of the present specification). There is no doubt that a skilled 
artisan would understand the claim to embrace plasmids with the same relative spatial 
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arrangement of specific fimctional elements of the regulatory and structural sequences, since 
such maps are commonly provided in publications with the understanding that the skilled artisan 
could reproduce the functionally identical plasmid, whether or not certain structural features are 
identical. 

In light of the foregoing, applicants respectfully submit that the rejection of the 
claims based upon 35 U.S.C. §112, second paragraph, is overcome and withdrawal of such is 
kindly requested. 

35 U.S.C. §112, First Paragraph, Rejections 

Li the Action, claims 15-32 and 39 have been rejected under 35 U.S.C. § 112, first 
paragraph, because the specification, while being enabling for plasmid-based systems for 
production of influenza viruses, allegedly does not reasonably provide enablement for plasmid- 
based systems for production of the fiiU range of negative stranded viruses, in particular, non- 
segmented negative strand RNA viruses and negative strand RNA viruses replicating in the 
cytoplasm. 

Applicants respectfully traverse the rejection and note that, in contrast to the 
Examiner's assertion, methods and plasmid-based systems for production of negative strand 
RNA viruses other than influenza A viruses (including viruses with segmented and non- 
segmented genome, viruses replicating in the nucleus and viruses replicating in the cytoplasm) 
are disclosed, for example, at p, 14, 1. 6 - p. 15, 1. 14; p. 19, 1. 18 - p. 22, 1. 10; p. 23, 11. 3-13; p. 
23, 1. 24 - p. 25, 1. 19; p. 28, IL 13-22; p. 29, 11. 1-8; p. 31, 11. 8-22; p. 76, 1. 3 - p. 77, 1. 4, and 
Figures 7A-B, 9, 10, and 1 lA-C. Methods and plasmid-based systems for production of specific 
negative strand RNA viruses other than influenza A viruses are disclosed in detail, for example, 
in the following parts of the instant application: 
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a) influenza B virus (Orthomyxoviridae, eight-segmented negative strand RNA 
virus): p. 64, 11. 20-23 and Example 3 (pp. 65-66); 

b) influenza C virus (Orthomyxoviridae, seven-segmented negative strand RNA 
virus), Thogotovims (Orthomyxoviridae, six-segmented negative strand RNA virus): p. 64, 11. 
20-24; p. 76, 11. 3-6; 

c) Arenaviridae, Bunyaviridae - p. 64, 11. 24-27; p. 76, 11. 6-11; 

d) parainfluenza virus III {Paramyxoviridae, non-segmented negative strand RNA 
virus): p. 16, 1. 13 - p. 17, 1. 8; p. 22, 1. 11 - p. 23, 1. 2, and Figure 9; 

e) viruses with segmented double-stranded RNA genomes {Reoviridae [Rotavirus, 
Orbivirus, Orthoreo viruses], Birnaviridae): p. 17, 1. 9 - p. 19, 1. 2 and Figure 10. 

Also, similarly to the present specification, in the article in the Journal of General Virology 

(Hoffman and Webster, J. Gen. Virol., 2000, 81: 2843-2847), which is incorporated in the 

present apphcation by reference in its entirety {see p. 71, 11. 16-17), the inventor and co-workers 

state (p. 2846, left col., last ^\ 

The high efficiency of the eight-plasmid system for the generation of influenza A 
virus indicates that this system should be applicable to other orthomyxoviruses, 
e.g. influenza B virus, influenza C virus and Thogoto virus. The results in this 
study suggest that the vRNA-mRNA system will be the most efficient way for 
generating these viruses entirely from plasmids. A different challenge is the 
establishment of reverse genetics-based systems for the generation of RNA 
viruses other than members of the family Or thorny xoviridae, e.g. members of the 
Paramyxoviridae, Arenaviridae or Bunyaviridae, Unlike orthomyxoviruses, most 
RNA viruses replicate in the cytoplasm of infected cells... Use of the pol I 
transcription system for cytoplasmic RNA viruses would require that the RNA 
transcripts have to be transported out of the nucleus. That pol I transcripts are 
indeed transported out of the nucleus is supported by the detection of protein 
production in cells containing pol I transcripts that had an internal ribosomal entry 
site inserted into the 5' noncoding region. 
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Applicants respectfully submit that the Examiner has failed to provide any 

reasons for non-enablement of the present disclosure with respect to plasmid-based systems for 

production of the full range of negative stranded viruses. Accordingly, the Examiner has failed 

to establish the prima facie case of non-enablement and to shift the burden to the applicants to 

demonstrate the enablement. As stated in MPEP Section 2164.04 (emphasis added): 

Li order to make a rejection, the examiner has the initial burden to establish a 
reasonable basis to question the enablement provided for the claimed invention. 
In re Wright, 999 F.2d 1557, 1562, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993) 
(examiner must provide a reasonable explanation as to why the scope of 
protection provided by a claim is not adequately enabled by the disclosure). A 
specification disclosure which contains a teaching of the marmer and process of 
making and using an invention in terms which correspond in scope to those used 
in describing and defining the subject matter sought to be patented must be taken 
as being in compliance with the enablement requirement of 35 U.S.C. 112, first 
paragraph, unless there is a reason to doubt the objective truth of the statements 
contained therein which must be relied on for enabling support... In re 
Marzocchi, 439 F.2d 220, 224, 169 USPQ 367, 370 (CCPA 1971). As stated by 
the court, "it is incumbent upon the Patent Office, whenever a rejection on this 
basis is made, to explain why it doubts the truth or accuracy of any statement in a 
supporting disclosure and to back up assertions of its own with acceptable 
evidence or reasoning which is inconsistent with the contested statement. 
Otherwise, there would be no need for the applicant to go to the trouble and 
expense of supporting his presumptively accurate disclosure." 439 F.2d at 224, 
169 USPQ at 370. 

According to In re Bowen, 492 F.2d 859, 862-63, 181 USPQ 48, 51 (CCPA 
1974), the minimal requirement is for the examiner to give reasons for the 
uncertainty of the enablement. This standard is applicable even when there is no 
evidence in the record of operability without undue experimentation beyond the 
disclosed embodiments. See also In re Brana, 51 F.3d 1560, 1566, 34 USPQ2d 
1436, 1441 (Fed. Cir. 1995)... 

... the examiner should specifically identify what information is missing and why 
one skilled in the art could not supply the information without undue 
experimentation . See MPEP §2164.06(a)(a). References should be supphed if 
possible to support a prima facie case of lack of enablement , but are not always 
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required. In re Marzocchi, 439 F.2d 220, 224, 169 USPQ 367, 370 (CCPA 1971). 
However, specific technical reasons are always required . 

A number of recently published reports provide a further proof of enablement of 
the present disclosure with respect to the full range of negative stranded viruses by 
demonstrating the direct application of this system (as disclosed in the instant specification) for 
the generation of negative strand RNA viruses other than influenza A viruses. Specifically, the 
inventor and co-workers have recently published an article demonstrating that the eight-plasmid 
pol I-pol II system can be used for the generation of high yields of influenza B virus (Hoffinann 
et al, Proc. Natl. Acad. Sci. USA, 2002, 99: 11411-6, attached as Exhibit A; see also Jackson et 
al, J. Virol, 2002, 76: 11744-11747, attached as Exhibit B). As disclosed in detail at p. 11412 
of the Hoffinann et al article (left col., |2), influenza A and B viruses produce several different 
gene products and have significant differences in their genetic organization and sequences of 
homologous genes. The same article (p. 11416, left col., T|l) also provides a suggestion to use a 
minimum seven-plasmid system for the generation of influenza C virus and a minimum six- 
plasmid system for the generation of Thogoto virus (THOV), which is a tick-transmitted 
orthomyxovirus with a genome consisting of six negative stranded RNA segments. This 
suggestion is based on a recent report by Wagner et al (J. Virol., 2001, 75: 9282-9286, attached 
as Exhibit C), in which an efficient recovery of a recombinant THOV was achieved following 
transfection of 293T cells with 12 plasmids: six expression plasmids producing viral structural 
proteins by means of a vaccinia virus expressing the T7 RNA polymerase and six plasmids under 
the control of the pol I promoter producing vRNAs. Finally, in a recently published article by 
Flick and Pettersson (J. Virol., 2001, 75: 1643-1655, attached as Exhibit D; see also Flick et al, 
J. ViroL, 2002, 76: 10849-10860, attached as Exhibit E), the use of the plasmid-only-based 
system has been described for the generation of the members of the Bunvaviridae family, which 
have tripartite negative strand genome and replicate in the cytoplasm . As a model virus, the 

1 4 Docket No.: 2427/1 G772-US1 



Serial No.: 09/844,517 
Filed: 04/27/2001 
Group Art Unit: 1648 

authors used Uukuniemi (TJUK) virus , a member of the Phlebovirus genus. Reporter cDNAs 
encoding CAT or GFP flanked by the terminal sequences of the UUK M RNA segment were 
transcribed in the cell nucleus by pol I, transported to the cytoplasm, and transcribed and 
amplified by the RNA polymerase L in the presence of the nucleoprotein N provided either from 
expression plasmids or by superinfection with UUK virus. At p. 1651 (left coL), the authors 
note: 

The fact that pol I reporter transcripts are noncapped and nonpolyadenylated 
raised the concern that these RNAs would not be efficiently transported out of the 
nucleus. In the case of influenza virus, the pol I transcripts do not have to exit the 
nucleus, since transcription and replication of vRNAs take place in the nucleus. 
In contrast, Bunyaviridae members replicate solely in the cytoplasm and the pol I 
transcripts therefore have to be exported from the nucleus. Our results showed 
that these concerns were unfounded , since CAT and GFP activities were readily 
detected, (emphasis added) 

They further state at p. 1654 (right coL, last f): 

The pol I system has recently been successfully developed to reconstitute 
infectious influenza virus entirely from cloned cDNAs (15, 20 [Hoffmann et al. 
Virology, 2000, 267: 310-317], 31, 32). Our present results suggest that this 
could also be possible for Bunyaviridae members. 

In view of the evidence provided above and the absence of any evidence that the 
claimed plasmid-based system will not work for any negative strand virus, it is believed that the 
Examiner imposes an overly high and burdensome duty on applicants, one not required by 
Section 1 12 or by the case law^. Thus, according to the current law and patent practice, the 
specification can permit some inferences to be drawn by those skilled in the art, and still comply 
with the enablement and written description requirement. In other words, there is no requirement 
that the claims be restricted to the working examples. Section 2164.03 of MPEP recites: 

^ See, in particular, In re Wands, 858 F.2d 731-40, 8 USPQ2d at 1400-07 (Fed. Cir. 1988) 
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the scope of the required enablement varies inversely with the degree of 
predictability involved, but even in unpredictable arts, a disclosure of every 
operable species is not required {In re Vaeck, 947 F.2d 488, 496 & n.23, 20 
USPQ2d 1438, 1445 & n.23 (Fed. Cir., 1991); In re Vickers, 141 F.2d 522, 526- 
27, 61 USPQ 122, 127 (CCPA 1944); In re Cook, 439 F.2d 730, 734, 169 USPQ 
298,301 (CCPA 1971)) 

As further stated in section 2164.08 of MPEP: 

claims are not rejected as broader than the enabling disclosure under 35 U.S.C. 
1 12 for non-inclusion of limitations dealing with factors which must be presumed 
to be within the level of ordinary skill in the art; the claims need not recite such 
factors where one of ordinary skill in the art to whom the specification and claims 
are directed would consider them obvious {In re Skrivan, All F.2d 801, 806, 166 
USPQ 85, 88 (CCPA 1970))... When analyzing the enabled scope of a claim, the 
teachings of the specification must not be ignored because claims are to be given 
their broadest reasonable interpretation that is consistent with the specification. 

See also Application of Angstadt (537 F.2d 498, 502-503, 190 USPQ 214, 218 

[Cust. & Pat.App., 1976]) stating that applicants "are not required to disclose every species 

encompassed by their claims even in an unpredictable art." Similarly, in In re Rasmussen, court 

stated that "a claim may be broader than the specific embodiment disclosed in a specification" 

(650 F.2d 1212, 1215, 211 USPQ 323, 326 [Cust. & Pat.App., 1981]). Finally, in In re Goffe 

(542 F.2d 564, 567, 191 USPQ 429, 431 [CCPA 1976]), the court stated: 

To provide effective incentives, claims must adequately protect inventors. To 
demand that the first to disclose shall limit his claims to what he has found will 
work or to materials which meet the guidelines specified for "preferred" materials 
in a process such as the one herein involved would not serve the constitutional 
purpose of promoting progress in the useful arts. 

In light of these standards and the above-presented arguments, it is believed that 
the present application provides an adequate enablement for plasmid-based systems for 
production of the full range of negative stranded viruses, including non-segmented negative 
strand RNA viruses and negative strand RNA viruses replicating in the cytoplasm. 
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Notwithstanding the foregoing, to expedite the prosecution, claims 5 and 15 have been amended 
to recite segmented negative strand RNA viruses. Applicants reserve the right to prosecute the 
broader subject matter in related continuing applications. 

In the Action, claims 23 and 24 stand further rejected for lack of enablement of 
the recited specific plasmids. This rejection is respectfully traversed. AppUcants note that 
claims 23 and 24 recite the plasmids having a map of pHW241-PB2, pHW242-PBl, pHW243- 
PA, pHW244-HA, pHW245-NP, pHW246-NA, pHW247-M, pHW248-NS, pHW181-PB2, 
pHW182-PBl, pHW183-PA, pHW184-HA, pHW185-NP, pHW186-NA, pHW187-M, or 
pHW188-NS. As specified above, the term "having a map of means that the recited plasmids 
are organized like pHW241-PB2, pHW242-PBl, pHW243-PA, pHW244-HA, pHW245-NP, 
pHW246-NA, pHW247-M, pHW248-NS, pHWl 8 1 -PB2, pHWl 82-PB 1 , pHWl 83-PA, 
pHW184-HA, pHW185-NP, pHW186-NA, pHW187-M, or pHW188-NS, but are not necessarily 
the same. Applicants further note that a detailed disclosure of how to make the claimed plasmids 
(including the sequences of the PGR primers) is provided in Examples 1 and 2 (in particular, at 
p. 55, 1. 16 - p. 57, 1. 13) and Figures 3A-B of the present specification as well as in the articles 
by Neumann et al (Proc. Natl. Acad. Sci. USA, 1999, 96:9345) and Hoffmann et al (Virology, 
2000, 267:310 and Proc. Natl. Acad. Sci. USA, 2000, 97:6108) incorporated by reference in their 
entirety. Accordingly, it is believed that no plasmid deposit is necessary to support the claims 
and to allow one skilled in the art to practice the invention. 

In light of the foregoing arguments, applicants respectfully submit that the 
rejection of claims based upon 35 U.S.C. §112, first paragraph, is overcome and withdrawal of 
such is kindly requested. 
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35 U.S.C. §103(a) Rejections 

In the Action, claims 15-32 and 39 stand rejected under 35 U.S.C. §103(a) as 
being obvious over Hoffmann dissertation (1997) and Neumann et al (Proc. Natl. Acad. Sci. 
USA, 1999, 96: 9345-9350). The Examiner contends that (i) at pp. 1 12-126, Hoffmann teaches a 
pol I-pol II plasmid expression system that can be used to express vRNA and mRNA and (ii) 
Neumann et al teach the rescue of infectious influenza virus in the absence of helper viruses 
using co-transfection of 12 plasmids, 8 plasmids expressing vRNA segments and 4 plasmids 
expressing mRNA encoding support proteins. The Examiner concludes that one skilled in the art 
would have been motivated to use the plasmids of Hoffinann to make the rescue system of 
Neumann et al more efficient, because it would require making fewer plasmids. 

Applicants respectfully traverse the rejection and submit that, even if taken 
together, the cited references do not disclose or suggest the compositions and methods recited in 
the present claims and necessarily fail to provide a reasonable expectation of success in 
achieving the invention. 

Legal Standards for Determination of Obviousness 
The courts have held that where the prior art seeks to solve the same problem as 
the claimed invention but lacks significant elements of the claimed invention, it is improper to 
view the invention in a piecewise fashion to find its elements in the prior art. On the contrary, 
the invention must be viewed as a whole. W.L, Gore & Associates, Inc. v. Garlock, Inc., Ill 
F.2d 1540 (Fed. Cir., 1983); and Phillips Petroleum Co. v. U.S. Steel Corp., 673 F. Supp. 1278 
(D. Del., 1987). Even where the elements of the claimed invention are known, the claimed 
invention may still be patentable. Gillette Co. v. S.C Johnson & Son, Inc., 919 F.2d 720, 725, 
16 USPQ2d 1923 (Fed. Cir., 1990). Further, it is improper to use hindsight to combine elements 
found in the prior art to reconstruct the claimed invention. Gore, 721 F.2d at 1552. In 
considering obviousness, the critical inquiry is whether something in the prior art as a whole 
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suggests the desirability, and thus the obviousness, of making a combination. In re Newell, 891 
F.2d 899, 901-02, 13 USPQ2d 1248, 1250 (Fed. Cir., 1992). The Examiner must show some 
objective teaching from the art that would lead an individual to combine the references, /.e., there 
must be motivation. In particular, the mere fact that the teaching of a reference may be modified 
in some way so as to achieve the claimed invention does not render the claimed invention 
obvious unless the prior art suggested the desirability of the modification (emphasis added). In 
re Fritch, 972 F.2d 1260, 23 USPQ2d 1780, 1783 (Fed. Cir., 1992) and see also Ex parte 
Obukowicz, 27 USPQ2d 1063 (Bd. Pat. App. & Intf , 1993). In other words, determination that 
the invention is obvious requires that (i) cited references teach the claimed invention as a whole, 
and (ii) both the suggestion of making the invention, and a reasonable expectation of success can 
be found in the prior art, not in the appUcants' disclosure. MPEP Section 2143; In re Dow 
Chemical Co., 5 USPQ2d 1529, 1531 (Fed. Cir., 1988); In re Vaeck, 947 F.2d 488, 20 USPQ2d 
1438 (Fed. Cir., 1991). 

The References Neither Teach Nor Suggest the Invention 
Applicants respectfully submit that the Examiner's rejection does not meet the 
above-summarized legal criteria. Neither of the two cited references contains any suggestion or 
motivation to produce the minimum plasmid-based system of the present invention. The 
Hoffinarm dissertation discloses that the use of pol I-pol II plasmids has to be combined with 
infection of a helper virus (FPV, see, e.g., pp. 114-115), which provides viral polymerase 
proteins for transcription/replication of viral-like reporter RNA encoded by pol I-pol II plasmids. 
The Neumann et al article does not teach either the pol I-pol II system or the use of a helper 
virus. It discloses a plasmid-only-based system comprising plasmids directing synthesis of 
vRNAs from a pol I promoter, which have to be co-transfected with pol Il-driven protein 
expression (mRNA) plasmids encoding viral polymerase proteins. Taken for what the references 
fairly teach, the combination would provide a pol I-pol II system of Hoffmann in combination 
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with the plasmid-based system described by Neumann et al to substitute for the helper virus. In 

other words, given the objective teachings of the references, without the benefit of hindsight 

gained from the instant disclosure, one might be led to substitute the Neumaim plasmids for the 

Hoffinann helper virus. The references contain no further suggestion for modification. 

The role of Neumarm's pol II plasmids to replace helper virus is evident. Indeed, 

in explaining the importance of the advance made by Neumann et al, Pekosz et al note in their 

Comment to Neumann et al article provided in the same issue of the Proceedings (Proc. Natl. 

Acad. Sci. USA, 1999, 96: 8804-8806, attached as Exhibit F, see p. 8804): 

In this issue of the Proceedings, Neumann and coworkers have come full circle on 
recovering recombinant, segmented, negative-strand RNA viruses with the 
production of influenza virus entirely from plasmid DNA and driven only by the 
host cell transcription and translation machinery. . . The lack of a helper influenza 
virus allows the virus from the initial transfection to be characterized 
immediately, thus limiting the chance of viruses containing reversions or second- 
site mutations from becoming significant contaminants. 

Thus, if these references were artificially combined, they may only provide 
motivation to develop (i) a pol I-driven plasmid system utilizing a helper virus or (ii) a pol I-pol 
II system utilizing additional pol Il-driven protein expression (mRNA) plasmids encoding viral 
polymerase proteins. 

This analysis presupposes that there is some independent basis to combine the 
references. However, the Neumann plasmid-only-based system provides an alternative, not a 
modification, of the Hoffmann helper virus-based system. Nothing in Neumann suggests the 
desirability of substituting the pol II plasmids for Hoffmann's helper virus, nor does anything in 
Hoffmann provide a basis for using the pol I-pol II plasmids that express a non-viral reporter 
gene in the Neumann plasmid-based system. The very act of combining the disclosures of these 
two references requires hindsight gained from the application, since there is no objective basis in 
the references themselves for their combination. 
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There is No Reasonable Expectation of Successfully Achieving the Invention 

The instant claims are directed to a pol I-pol II plasmid-only-based system for the 
generation of infectious negative strand RNA viruses from cloned viral cDNA, which involves 
construction and transfection of a total number of plasmids (each containing one copy of the 
viral cDNA) that does not exceed the total number of gene segments from the source RNA virus. 

In contrast to the present invention, the Hoffrnaim dissertation does not disclose 
the application of the pol I-pol II system for the generation of an infectious virus, but merely 
describes its use in plasmids carrying heterologous reporter genes such as CAT and GFP. 
Furthermore, as specified above, in contrast to the present invention, the Hoffrnarm dissertation 
does not disclose a plasmid- only -based system but describes combining the transfection of pol I- 
pol II plasmids with infection of a helper virus. As explained at pp. 4-5 of the present 
specification (see, e.g., p. 4, 11. 12-14 and 11. 27-29), the utility of the methods based on the use of 
a helper virus is limited, because a selection system is needed to obtain the desired virus from a 
vast background of the helper virus. Based on the disclosure of reporter gene expression 
provided in the Hoffinann dissertation, in the absence of hindsight based on experimental data 
and detailed disclosure provided in the present application, a person of ordinary skill in the art 
could not have concluded that the pol I-pol II system achieves sufficient expression and 
interaction of all of the viral components to produce an infectious virus, especially in the absence 
of any helper virus. In other words, transcription/replication of a single viral-like reporter RNA 
in the presence of viral polymerase proteins supplied by a helper virus (as disclosed in the 
Hoffinann dissertation) does not provide any teaching or suggestion of how all wild-type viral 
RNAs can be transcribed/replicated using pol I-pol II plasmids to achieve successfiil generation 
of infectious viral particles. 

Moreover, the pol I-pol II system disclosed in the Hoffinann dissertation includes 
mutant regulatory sequences which have been introduced to increase the levels of transcription/ 
replication of reporter RNA. These mutant sequences include a "promoter up" mutation, which 
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differs from the wild-type sequence in 3 nucleotide positions at the 3' end of vRNA (G3->A3, 
U5->C5, C8->U8; see Figures 3-4 at p. 56 of the dissertation, see also Neumann et aL, Virology, 
1994, 202:477-479 and Flick et aL, RNA, 1996, 2:1046-1057). It is well estabhshed (see, e.g., 
Crescenzo-Chaigne et al. Virology, 2002, 303: 240-252, attached as Exhibit G, K bridging left 
and right col. at p. 248) that the increased levels of transcription/replication of viral-like RNA 
due to "promoter up" mutation are observed only when viral polymerase proteins are derived 
from avian influenza virus strains such as FPV/Bratislava used in the Hoffinann dissertation, hi 
contrast, when viral polymerase proteins are derived from human influenza virus strains, the 
levels of transcription/replication achieved with the "promoter up" mutation-containing viral-like 
RNA are even lower than with the wild-type viral RNA, i.e., this mutation has a "promoter 
down" effect. Li other words, the Hoffinann dissertation discloses only the pol I-pol II system 
comprising mutant regulatory sequences, the use of which does not provide any expectation of 
success for the use of wild-type viral sequences required for successfiil production of infectious 
viruses. In sum, as one of ordinary skill in the art would readily observe, the artificiality of the 
system described in the Hoffinann thesis, while presenting a very interesting scientific story, 
does not provide a reasonable expectation of success with respect to expression of wild-type 
virus genes. Accordingly, the Hoffinann dissertation does not provide sufficient expectation of 
success to attempt the expression of all viral components in a cell using the pol I-pol II system, 
much less successfiiUy achieving the difficult goal of reconstituting an infectious virus. 

The Neumann et al. reference does not cure the deficiency of the Hoffinann 
dissertation, because it (i) does not teach the pol I-pol II system and (ii) discloses that 
transfection of the plasmids encoding vRNA should be accompanied by co-transfection of 
additional protein expression (mRNA) plasmids encoding viral polymerase complex (/.e., 
plasmids encoding PBl, PB2, PA, nucleoproteins). Therefore, in contrast to the minimum 
plasmid-based system recited in the present claims {e.g., encompassing 8 plasmids for 8- 
segmented influenza A virus), the total number of plasmids used in the method of Neumann et 
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al exceeds the total number of gene segments from the source RNA virus (e.g., encompasses 12- 
17 plasmids for an 8-segmented influenza A virus). Co-transfection of multiple plasmids 
described by Neumann et al is cumbersome and technically complicated. Adding to that 
complexity the uncertainty of RNA and protein expression from a pol I-pol II system for 
wildtype viral proteins, and the level of uncertainty increases exponentially. 

In contrast to the Examiner's assertion, the increased efficiency of the minimum 
plasmid-based system of the present invention is not merely a routine quantitative improvement 
over the system of Neumann et al, but a major unexpected technical advance, which is likely to 
result in increased commercial success, e.g., in improved vaccine production {see below). When 
explaining the advance made by the minimum pol I- pol II plasmid-based system of the present 
invention as compared to the plasmid-based system of Neumann et al, the inventor and co- 
workers state in the Abstract of their Virology article (Hoffinann et al. Virology, 2000, 267: 
310-317): 

Recently, a system for the generation of influenza A virus entirely from cloned 
cDNAs was established (Neumann et al, 1999, Proc. Natl. Acad. Sci, USA 96, 
9345-9350)... Although this system is highly efficient in virus generation, the 
construction and cotransfection of 17 plasmids is cumbersome and may limit the 
use of this system to cell lines that can be transfected with high efficiencies. 
Synthesizing both vRNA and mRNA from one template would reduce the number 
of plasmids required for virus generation. Therefore, we generated a bidirectional 
transcription construct that contains cDNA encoding PBl flanked by an RNA 
polymerase I (pol I) promoter for vRNA synthesis and an RNA polymerase II (pol 
II) promoter for mRNA synthesis. . . Because this approach reduces the number of 
plasmids required for virus generation, it also reduces the work necessary for 
cloning, probably enhances the efficiency of virus generation, and expands the 
use of the reverse-genetics system to cell lines for which efficient cotransfection 
of 17 plasmids cannot be achieved. 

Furthermore, as correctly noted by the Examiner at p. 7 of the Office Action 
(second paragraph from the bottom), Neumann et al teach that increasing the number of 
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different co-transfected protein expression (mRNA-encoding) plasmids from 4 to 9^ increases 
the resulting viral titer (see, p. 9347 bridging left and right coL] and Table 1 at p. 9348; see 
also a comment at p. 5 of the instant specification). Based on this disclosure, in contrast to the 
Examiner's assertion, a person skilled in the art would be persuaded not to decrease but to 
increase the number of expression plasmids. That this is the case clearly follows from the 
Pekosz et al Comment to Neumann et al The authors of this Comment, Pekosz, He and Lamb, 
are leading scientists in the field, who are likely to have a much deeper understanding of the 
problem than "a person of ordinary skill in the art." However, in light of the data in Neumann et 
al, even they suggest not to decrease but to increase the total number of the plasmids 
transfected. Thus, they state at p. 8806 (left col, T|2): "The number of recombinant viruses 
rescued can be increased nearly 10-fold by including plasmids encoding the hemagglutinin, NA, 
Ml, M2, and NS2 proteins under control of the pol II promoter in the transfection." Any 
suggestion to the contrary comes from the disclosure of the present application, not from the 
references. 

Applicants also respectfully note that the Neumann et al article teaches that the 
specific amount of each of the viral proteins is critical for successful production of the infectious 
virus. Specifically, it is stated at p. 9347 (left col., ^3) that a reduced amount of the expression 
plasmid for production of PA protein should be used. Similarly, in the same year Gomez-Puertas 
et al (J. Gen. Virol, 1999, 80: 1635-1645, attached as Exhibit H) reported that overexpression of 
influenza A NS2 protein from an expression plasmid has a negative effect on expression and 
overexpression of M2 and NSl proteins has a negative effect on transmission of a reporter 
(CAT) RNA in cultured cells (COS-1 or MDCK). Based on these data, a skilled artisan would 
be discouraged from employing the pol I-pol II system disclosed in the Hoffmann dissertation for 



^ In the Action, the Examiner stated that this number is 8. According to the disclosure in Table 1 of Neumann et 
al. article, the total number of protein expression plasmids is 9. 
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in vivo reconstitution of an infectious virus, because the use of this system does not assume 
achieving unequal levels of expression proteins. 

The Rejection Relies On Impermissible Hindsight 
In view of the substantial reasons for unobviousness of the claimed invention set 
forth above, including that the combined references do not suggest, much less teach, the 
invention, that even if they suggest the invention there is no reasonable expectation of success, 
and indeed that the references themselves do not suggest the combination, it is clear that the 
rejection requires impermissible hindsight reconstruction of various unconnected bits and pieces 
of the references to sustain itself The fact that, even after being in close collaboration v^ith the 
present inventor, Erich Hoffinann, (as evidenced by co-authorship on most of the publications 
both several years before and after the filing date of the present application) and having great 
familiarity with his work (including the cited dissertation), Neumann et al did not come up with 
the plasmid-based system recited in the present claims, clearly proves that the Examiner's 
reasoning reflects hindsight analysis and overlooks the tour de force represented by Hoffmann's 
success - the tour de force that was not predicted or predictable from the prior art references. It 
is well settled however, that such hindsight reconstruction is an error. The Examiner cannot rely 
on hindsight to arrive at a determination of obviousness. Fritch, 23 U.S.P.Q.2d at 1784. The 
Court of Appeals for the Federal Circuit has stated that "selective hindsight is no more applicable 
to the design of experiments than it is to the combination of prior art teachings. There must be a 
reason or suggestion in the art for selecting the procedure used, other than the knowledge leamed 
from the Applicant's disclosure [Interconnect Planning Corporation v. Fed., 227 USPQ 543, 551 
(Fed. Cir., 1985)]". Dow Chemical Co., 5 USPQ2d at 1532. 
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Commercial Success of the Invention 

The non-obviousness of the minimum plasmid-based system recited in the present 
claims is further demonstrated by its projected commercial success"^ due to improved {i.e., more 
efficient and rapid) manufacturing of anti-viral vaccines. For example, in a recently published 
article (Hoffmann et al., Vaccine, 2002, 20: 3165-3170, Abstract attached as Exhibit I) the 
inventor and co-workers disclose the direct application of the minimum plasmid-based system of 
the present invention to rapid and reproducible generation of reassortant influenza A viruses. 
The authors produced high-yield 6+2 reassortants that had the antigenic determinants of the 
influenza virus strains A/New Caledonia/20/99 (HlNl), A/Panama/2007/99 (H3N2), 
A/teal/HK/W312 (H6N1), and A/quail/HK/Gl/97 (H9N2) and had a growth phenotype in 
embryonated chicken eggs which was equivalent to that of the wild-type virus. 

In summary, neither the Hoffmann dissertation nor Neumaim et al. provide any 
expectation of success or suggestion to be combined with the other reference or to modify the 
disclosed compositions, so that they in any way suggest the minimum pol I-pol 11 plasmid-based 
system for the generation of infectious negative strand RNA viruses from cloned viral cDNA and 
related methods encompassed by the present claims. It follows, that the rejected claims are not 
prima facie obvious over the cited art. Reconsideration and withdrawal of the obviousness 
rejection is beheved to be in order. 



^ The Supreme Court in Graham v. John Deere, 383 U.S. 1, 148 USPQ 459 (1966), stated: "Such secondary 
considerations as commercial success, long felt but unsolved needs, failure of others, etc., might be utilized to give 
light to the circumstances surroimding the origin of the subject matter sought to be patented. As indicia of 
obviousness or nonobviousness, these inquires may have relevancy..." 
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CONCLUSION 

Applicants request entry of the foregoing amendments and remarks in the file 
history of this application. In view of the above amendments and remarks, it is respectfully 
submitted that claims 2-32, 39 and 42-45 are now in condition for allowance and such action is 
earnestly solicited. If the Examiner believes that a telephone conversation would help advance 
the prosecution in this case, the Examiner is respectfully requested to call the undersigned agent 
at (212) 527-7634. The Examiner is hereby authorized to charge any additional fees associated 
with this response to our Deposit Accoimt No. 04-0100. 



Respectfully submitted. 



Dated: February 10, 2003 




Irina E. Vainberg, Ph.D. 
Reg. No. 48,008 
Agent for Applicant(s) 

DARBY & DARBY, P.C. 
805 Third Avenue 
New York, N.Y. 10022 
Phone (212) 527-7700 
lEV: 
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AMENDMENT 

CLAIMS : 

1. Canceled 

2. (Amended) The expression plasmid of claim [1] 42 wherein the pol I promoter 
is proximal to the polyadenylation signal and the pol I terminator sequence is proximal to the pol 
II promoter. 

3. (Amended) The expression plasmid of claim [1] 42 wherein the pol I promoter 
is proximal to the pol II promoter and the pol I terminator sequence is proximal to the 
polyadenylation signal. 

4. (Amended) The expression plasmid of claim [1] 42 wherein the plasmid 
[corresponds to a plasmid] has[ving] a map selected from the group consisting of pHW2000, 
pHWll andpHW12. 

5. (Amended) An [The] expression plasmid [of claim 1, further] comprising viral 
cDNA corresponding to a genomic segment of a segmented negative strand RNA virus , wherein 
the cDNA is inserted between [the] an RNA polymerase I fp ol I) promoter and [the termination 
signal] a regulatory element for the synthesis of vRNA or cRNA with the exact 3' end, which are 
in turn inserted between an RNA polymerase II (pol ID promoter and a polyadenylation signal 
[viral gene segment]. 

6. (Unchanged) The expression plasmid of claim 5, wherein the negative strand 
RNA virus is a member of the Orthomyxoviridae virus family. 
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7. (Unchanged) The expression plasmid of claim 6, wherein the virus is an 
influenza A virus. 

8. (Amended) The expression plasmid of claim 7, wherein the influenza viral 
gen[e]omic segment £i} encodes a [gene] protein selected from the group consisting of a viral 
polymerase complex protein, M protein, and NS protein; and [wherein the genes are] (ii) is 
derived from a strain well adapted to grow in cell culture or from an attenuated strain, or both. 

9. (Unchanged) The expression plasmid of claim 6, wherein the virus is an 
influenza B virus. 

10. (Unchanged) The expression plasmid of claim 8 wherein the plasmid has a 
map selected from the group consisting of pHW241-PB2, pHW242-PBl, pHW243-PA, 
pHW245-NP, pHW247-M, and pHW248-NS. 

1 1 . (Unchanged) The expression plasmid of claim 8 wherein the plasmid has a 
map selected from the group consisting of pHW181-PB2, pHW182-PBl, pHW183-PA, 
pHW185-NP, pHW187-M, and pHW188-NS. 

12. (Amended) The expression plasmid of claim 7, wherein the influenza viral 
gen[e]omic segment [encodes] comprises a gene selected from the group consisting of a[n 
influenza] hemagglutinin (HA) gene and a neuraminidase (NA) gene. 

13. (Unchanged) The expression plasmid of claim 12, wherein the influenza 
gene is from a pathogenic influenza virus strain. 
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14. (Unchanged) The expression plasmid of claim 12, wherein the plasmid has a 
map selected from the group consisting of pHW244-HA, pHW246-NA, pHW184-HA, and 
pHW186-NA. 

15. (Amended) A minimum plasmid-based system for the generation of 
infectious segmented negative strand RNA viruses from cloned viral cDNA comprising a set of 
plasmids wherein each plasmid comprises one [autonomous] viral genomic segment, and 
wherein the viral cDNA corresponding to the [autonomous] viral genomic segment is inserted 
between an RNA polymerase I (pol I) promoter and [terminator sequences] a regulatory element 
for the synthesis of vRNA or cRNA with the exact 3' end , thereby resulting in expression of 
vRNA or cRNA , which are in turn inserted between an RNA polymerase II (pol II) promoter and 
a polyadenylation signal, thereby resulting in expression of viral mRNA. 

16. (Amended) The minimum plasmid-based system of claim [15] 44^ wherein 
the pol I promoter is proximal to the polyadenylation signal and the pol I terminator sequence is 
proximal to the pol II promoter. 

17. (Amended) The minimum plasmid-based system of claim [15] 44, wherein 
the pol I promoter is proximal to the pol II promoter and the pol I terminator sequence is 
proximal to the polyadenylation signal. 

18. (Amended) The minimum plasmid-based system of claim 15, wherein the 
negative strand RNA virus is a member of the Orthomyxoviridae virus family. 



19. (Unchanged) The plasmid-based system of claim 18, wherein the virus is an 
influenza A virus. 
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20. (Unchanged) The plasmid-based system of claim 18, wherein the virus is an 
influenza B virus. 

21. (Amended) The plasmid-based system of claim 19, wherein the viral 
gen[e]omic segment (i) encodes a protein selected from the group consisting of a viral 
polymerase complex protein, [an] M protein and [an] NS protein; ^id [wherein said genes are] 
(ii) is derived from a strain well adapted to grow in cell culture or from an attenuated strain, or 
both. 



22. (Amended) The plasmid-based system of claim 19, wherein the viral 
genomic segment[s] comprises [genes which encode a protein selected from the group consisting 
of] hemagglutinin (HA) gene, [and] or neuraminidase (NA) gene , or both; wherein said genes are 
from a pathogenic influenza virus. 

23. (Unchanged) The plasmid-based system of claim 19 wherein said system 
comprises one or more plasmids having a map selected from the group consisting of pHW241- 
PB2, pHW242-PBl, pHW243-PA, pHW244-HA, pHW245-NP, pHW246-NA, pHW247-M, and 
pHW248-NS. 

24. (Unchanged) The plasmid-based system of claim 19, wherein said system 
comprises one or more plasmids having a map selected from the group consisting of pHWlSl- 
PB2, pHW182-PBl, pHW183-PA, pHW184-HA, pHW185-NP, pHW186-NA, pHW187-M, and 
pHW188-NS. 

25. (Unchanged) A host cell comprising the plasmid-based system of claim 15. 
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26. 



(Unchanged) A host cell comprising the plasmid-based system of claim 18. 



27. 



(Unchanged) A host cell comprising the plasmid-based system of claim 19. 



28. 



(Unchanged) A host cell comprising the plasmid-based system of claim 22. 



29. (Unchanged) A method for producing a negative strand RNA virus virion, 
which method comprises culturing the host cell of claim 25 under conditions that permit 
production of viral proteins and vRNA or cRNA. 

30. (Unchanged) A method for producing an Orthomyxoviridae virion, which 
method comprises culturing the host cell of claim 26 under conditions that permit production of 
viral proteins and vRNA or cRNA. 

31. (Unchanged) A method for producing an influenza virion, which method 
comprises culturing the host cell of claim 27 under conditions that permit production of viral 
proteins and vRNA or cRNA. 

32. (Unchanged) A method for producing a pathogenic influenza virion, which 
method comprises culturing the host cell of claim 28 under conditions that permit production of 
viral proteins and vRNA or cRNA. 



33-38. Canceled 



39. (Unchanged) A method for generating an attenuated negative strand RNA 
virus, which method comprises: 
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(a) mutating one or more viral genes in the plasmid-based system of claim 15; 



and 



(b) determining whether infectious RNA viruses produced by the system are 



attenuated. 



40-41. Canceled 



42. (New) The expression plasmid of claim 5, wherein the regulatory element for 
the synthesis of vRNA or cRNA with the exact 3' end is an RNA polymerase I (pol I) terminator 
sequence. 

43. (New) The expression plasmid of claim 5, wherein the regulatory element for 
the synthesis of vRNA or cRNA with the exact 3' end is a ribozyme sequence. 

44. (New) The minimum plasmid-based system of claim 15, wherein the 
regulatory element for the synthesis of vRNA or cRNA with the exact 3' end is an RNA 
polymerase I (pol I) terminator sequence. 

45. (New) The minimum plasmid-based system of claim 15, wherein the 
regulatory element for the synthesis of vRNA or cRNA with the exact 3' end is a ribozyme 
sequence. 




Respectfully submitted. 



Dated: February 10, 2003 



Irina E. Vainberg, Ph.D. 
Reg. No. 48,008 
Agent for Applicant(s) 
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DARBY & DARBY, P.C. 
805 Third Avenue 
New York, N.Y. 10022 
Phone (212) 527-7700 
lEV: 
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2. (Amended) The expression plasmid of claim 42 wherein the pSi3^B^flmer is S FT 
proximal to the polyadenylation signal and the pol I terminator sequence is proximal to the pol II 3 
promoter. 



3. (Amended) The expression plasmid of claim 42 wherein the pol I promoter is 
proximal to the pol n promoter and the pol I terminator sequence is proximal to the 
polyadenylation signal. 



4. (Amended) The expression plasmid of claim 42 wherein the plasmid has a 
map selected from the group consisting of pHW2000, pHWl 1 and pHW12. 



5. (Amended) An expression plasmid comprising viral cDNA corresponding to a 
genomic segment of a segmented negative strand RNA virus, wherein the cDNA is inserted 
between an RNA polymerase I (pol I) promoter and a regulatory element for the synthesis of 
vRNA or cRNA with the exact 3' end, which are in tum inserted between an RNA polymerase II 
(pol II) promoter and a polyadenylation signal. 



6. (Unchanged) The expression plasmid of claim 5, wherein the negative strand 
RNA virus is a member of the Orthomyxoviridae virus family. 



7. (Unchanged) The expression plasmid of claim 6, wherein the virus is an 
influenza A virus. 

8. (Amended) The expression plasmid of claim 7, wherein the influenza viral 
genomic segment (i) encodes a protein selected from the group consisting of a viral polymerase 
complex protein, M protein, and NS protein; and (ii) is derived from a strain well adapted to 
grow in cell culture or from an attenuated strain, or both. 



9. (Unchanged) The expression plasmid of claim 6, wherein the virus is an 
influenza B virus. 
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10. (Unchanged) The expression plasmid of claim 8 wherein the plasmid has a 
map selected from the group consisting of pHW241-PB2, pHW242-PBl, pHW243-PA, 
pHW245-NP, pHW247-M, and pHW248-NS. 

1 1 . (Unchanged) The expression plasmid of claim 8 wherein the plasmid has a 
map selected from the group consisting of pHW181-PB2, pHW182-PBl, pHW183-PA, 
pHW185-NP, pHW187-M, and pHW188-NS. 

12. (Amended) The expression plasmid of claim 7, wherein the influenza viral 
genomic segment comprises a gene selected from the group consisting of a hemagglutinin (HA) 
gene and a neuraminidase (NA) gene. 

13. (Unchanged) The expression plasmid of claim 12, wherein the influenza 
gene is from a pathogenic influenza virus strain. 

14. (Unchanged) The expression plasmid of claim 12, wherein the plasmid has a 
map selected from the group consisting of pHW244-HA, pHW246-NA, pHW184-HA, and 
pHW186-NA. 

15. (Amended) A minimum plasmid-based system for the generation of 
infectious segmented negative strand RNA viruses from cloned viral cDNA comprising a set of 
plasmids wherein each plasmid comprises one viral genomic segment, and wherein the viral 
cDNA corresponding to the viral genomic segment is inserted between an RNA polymerase I 
(pol I) promoter and a regulatory element for the synthesis of vRNA or cRNA with the exact 3' 
end, thereby resulting in expression of vRNA or cRNA, which are in tum inserted between an 
RNA polymerase II (pol II) promoter and a polyadenylation signal, thereby resulting in 
expression of viral mRNA. 
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16. (Amended) The minimum plasmid-based system of claim 44, wherein the 
pol I promoter is proximal to the polyadenylation signal and the pol I terminator sequence is 
proximal to the pol II promoter. 

17. (Amended) The minimum plasmid-based system of claim 44, wherein the 
pol I promoter is proximal to the pol II promoter and the pol I terminator sequence is proximal to 
the polyadenylation signal. 

18. (Amended) The minimum plasmid-based system of claim 15, wherein the 
negative strand RNA virus is a member of the Orthomyxoviridae virus family. 

19. (Unchanged) The plasmid-based system of claim 18, wherein the virus is an 
influenza A virus. 

20. (Unchanged) The plasmid-based system of claim 18, wherein the virus is an 
influenza B virus. 

21. (Amended) The plasmid-based system of claim 19, wherein the viral 
genomic segment (i) encodes a protein selected from the group consisting of a viral polymerase 
complex protein, M protein and NS protein; and (ii) is derived from a strain well adapted to grow 
in cell culture or from an attenuated strain, or both. 

22. (Amended) The plasmid-based system of claim 19, wherein the viral 
genomic segment comprises hemagglutinin (HA) gene, or neuraminidase (NA) gene, or both; 
wherein said genes are from a pathogenic influenza virus. 

23. (Unchanged) The plasmid-based system of claim 19 wherein said system 
comprises one or more plasmids having a map selected from the group consisting of pHW241- 
PB2, pHW242-PBl, pHW243-PA, pHW244-HA, pHW245-NP, pHW246-NA, pHW247-M, and 
pHW248-NS. 
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24. (Unchanged) The plasmid-based system of claim 19, wherein said system 
comprises one or more plasmids having a map selected from the group consisting of pHWlSl- 
PB2, pHW182-PBl, pHW183-PA, pHW184-HA, pHW185-NP, pHW186-NA, pHW187-M, and 
pHW188-NS. 

25. (Unchanged) A host cell comprising the plasmid-based system of claim 15, 

26. (Unchanged) A host cell comprising the plasmid-based system of claim 18. 

27. (Unchanged) A host cell comprising the plasmid-based system of claim 19. 

28. (Unchanged) A host cell comprising the plasmid-based system of claim 22. 

29. (Unchanged) A method for producing a negative strand RNA virus virion, 
which method comprises culturing the host cell of claim 25 under conditions that permit 
production of viral proteins and vRNA or cRNA. 

30. (Unchanged) A method for producing an Orthomyxoviridae virion, which 
method comprises culturing the host cell of claim 26 under conditions that permit production of 
viral proteins and vRNA or cRNA. 

31. (Unchanged) A method for producing an influenza virion, which method 
comprises culturing the host cell of claim 27 under conditions that permit production of viral 
proteins and vRNA or cRNA. 

32. (Unchanged) A method for producing a pathogenic influenza virion, which 
method comprises culturing the host cell of claim 28 under conditions that permit production of 
viral proteins and vRNA or cRNA. 
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39. (Unchanged) A method for generating an attenuated negative strand RNA 
virus, which method comprises: 

(a) mutating one or more viral genes in the plasmid-based system of claim 15; 

and 

(b) determining v^hether infectious RNA viruses produced by the system are 

attenuated. 

42. (New) The expression plasmid of claim 5, wherein the regulatory element for 
the synthesis of vRNA or cRNA with the exact 3' end is an RNA polymerase I (pol I) terminator 
sequence. 

43. (New) The expression plasmid of claim 5, wherein the regulatory element for 
the synthesis of vRNA or cRNA with the exact 3' end is a ribozyme sequence. 

44. (New) The minimum plasmid-based system of claim 15, wherein the 
regulatory element for the synthesis of vRNA or cRNA with the exact 3' end is an RNA 
polymerase I (pol I) terminator sequence. 

45. (New) The minimum plasmid-based system of claim 15, wherein the 
regulatory element for the synthesis of vRNA or cRNA with the exact 3' end is a ribozyme 
sequence. 
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Contributed by Robert G. Webster. July 3. 2002 

Influenza B virus causes a significant amount of morbidity and 
mortality, yet the systems to produce high yield inactivated vaccines 
for these viruses have lagged behind the development of those for 
influenza A virus. We have established a plasmid-only reverse genet- 
ics system for the generation of recombinant influenza B virus that 
facilitates the generation of vaccine viruses without the need for time 
consuming coinfection and selection procedures currently required to 
produce reassorUnts. We cloned the eight viral cDNAs of influenza 
B/Yamanashi/166/98, which yields relatively high titers in embryo- 
nated chicken eggs, between RNA polymerase I and RN A polymerase 
II transcription units. Virus was detected as early as 3 days after 
transf ection of cocultured C0S7 and Madin-Darby canine kidney cells 
and achieved levels of 10^-10^ plaque-forming units per ml of cell 
supernatant 6 days after transf ection. The full-length sequence of the 
recombinant virus after passage into embryonated chicken eggs was 
identical to that of the input plasmids. To improve the utility of the 
eight-plasmid system for generating 6 + 2 reassortants from recently 
circulating influenza B strains, we optimized the reverse transcrip- 
tase-PCR for cloning of the hemagglutinin (HA) and neuraminidase 
(NA) segments. The six internal genes of B/Yamanashi/1 66/98 were 
used as the backbone to generate 6 + 2 reassortants including the HA 
and NA gene segments from B/Victoria/504/2000, B/Hong Kong/ 
330/2001, and B/Hawaii/10/2001. Our results demonstrate that the 
eight-plasmid system can be used for the generation of high yields of 
influenza B virus vaccines expressing current HA and NA glycopro- 
teins from either of the two lineages of influenza B virus. 

Influenza is a major cause of morbidity and mortality worldwide. 
In the USA alone, it is estimated that influenza is responsible for 
approximately 20,000 deaths each year (1). The morbidity associ- 
ated with these epidemics is caused by both types of influenza virus, 
influenza A and influenza B. The immune response elicited by 
infection with a specific influenza strain is long lasting and protects 
the individual from experiencing illness on subsequent exposures to 
other strains that are antigen ically similar. However, immunity 
conferred by infection with a specific influenza strain does not 
confer protection to other influenza types, subtypes, or antigeni- 
cally divergent strains of the same subtype. Vaccines to prevent 
influenza generally contain the surface hemagglutinin (HA) and 
neuraminidase (NA) glycoproteins from the two currently circu- 
lating influenza A subtypes (i.e., H3N2 and HlNl) and one 
circulating influenza B strain. Because of the frequent emergence 
of new antigenic variants created by antigenic shift or antigenic 
drift, vaccines have to be updated frequently. 

Currently, two major lineages of influenza B viruses are circu- 
lating in humans: the B/Yamagata/16/88-like and B/Victoria/2/ 
87-like strains. Although the B/Yamagata/16/88-like strains have 
been the predominant strains circulating for the past 10 years, these 
two lineages circulate concurrently and both have been responsible 
for annual influenza epidemics (2-4), Antigenic drift is responsible 
for the divergence of influenza B surface antigens. Antigenic drift 
is caused by amino acid changes in HA and NA, which are caused 
by nucleotide misincorporation during viral replication. In addition, 
insertion and/or deletion of nucleotides in the HA and NA gene 
segments of influenza B viruses have been shown to be a source of 
antigenic diversity and evolution (5, 6). Although it is well estab- 
lished that influenza B viruses can evolve by reassortment (6, 7), 
little is known about the animal reservoir for this virus. Recently, 



influenza B viruses have been isolated from seals, demonstrating 
that influenza B viruses are not restricted to humans and raising 
concerns about the potential for influenza B viruses to emerge with 
new antigenic properties (8). 

For optimal effectiveness, influenza vaccines must contain anti- 
gens that are similar to those of the currently circulating strains. The 
simplest approach to produce an inactivated vaccine is to identify 
a wild-type (wt) strain that has appropriate antigenic characteristics 
and grows well in eggs. However, this approach depends on the 
availability of a high yield wild-type isolate. A second method, 
classical reassortment, requires coinfection of two viruses, one 
expressing the desirable HA and/or NA and the other a vaccine 
strain that has the appropriate biological characteristics. The de- 
sired reassortant is identified among the progeny and purified. For 
inactivated influenza A vaccine production, the vaccine strain 
A/PR/8/34, which expresses the desirable characteristics of high 
yield in eggs, is coinfected with a virus expressing the current 
antigens, and a high growth reassortant is isolated (9). For live, 
attenuated influenza A vaccines, the wild-type HA and NA gene 
segments can be reasserted onto the live, attenuated ca A/ Ann 
Arbor/6 /60 background to produce attenuated vaccine strains (10). 
These reassorted vaccines have been shown to be safe and effective 
for the prevention of influenza (11). Currently, although live, 
attenuated influenza B vaccine strains can be produced by classical 
reassortment, there are no influenza B strains used for classical 
reassortment for production of inactivated vaccines. There are at 
least two limitations to producing these reassortants. First, influ- 
enza A/PR/8/34 cannot be used to reassert with influenza B HA 
and NA gene segments. Influenza A and B viruses have evolved 
separately, and reassortment between these two types has never 
been observed either in nature or in tissue culture (12, 13). An 
influenza B vaccine strain with high yield growth properties in eggs, 
analogous to A/PR/8/34, for production of inactivated vaccine has 
not been reported, and the procedures to produce 6 + 2 reassor- 
tants in the laboratory have been more difficult than for influenza 
A strains. Second, recent advances in reverse genetics of influenza 
A viruses may enable more efficient methods to generate recom- 
binant vaccine strains expressing wt HA and NA from a vaccine 
strain with the appropriate biological characteristics (14-16). Gen- 
eration of infectious virus directly from plasmid clones has enabled 
several different influenza A HA and NA subtypes to be expressed 
from the A/PR/8/34 backbone without the need for coinfection 
and extensive selection of the progeny (17, 18). 

Despite one recent report on the generation of virus like particles 
( VLP) for influenza B virus from plasmids (19), the development 
of a plasmid-only system for generation of recombinant, infectious 
influenza B virus poses major challenges. To date, no plasmid- 
based system for influenza B virus rescue has been reported. 
Obviously, the genomic sequence (14642 nucleotides), including the 
entire noncoding and coding regions of all eight gene segments, has 
to be cloned into plasmids and sequenced. Because the viral 



Abbreviations: HA, hemagglutinin; MDCK, Madin-Darby canine kidney; NCR. noncoding 
region; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; pol I. RNA polymerase I; 
pol II, RNA polymerase It; pfu, plaque-forming unif RT, reverse transcriptase; vRNA, viral 
RNA; wt wild type; TCIDso, tissue culture 50% infertive dose. 

^To whom reprint requests should be addressed. E-mail: hoffmane©medimmune.com. 



www.pnas.org/cgi/doi/10.1073/pnas.172393399 



PNAS I August 20. 2002 1 vol.99 | no. 17 j 11411-11416 



Table 1. Primer set used for RT-PCR amplification of the eight vRNAs of B/Yamanashi/1 66/98 
Gene Forward primer Reverse primer 

PB1 Bm-PB1b-1: 

[ 1 Al TATTCGTaCAGGG AGCAG AAGCGGAGCCTTTAAGATG 

PBl Bm.PBlb-1220: 

[ 1 B] TATTCGTaCGGCATCrrrGTCGCaGGG ATGATGATG 

PB2 Bm-PB2b-1: 

[2A] TATTCGTaCAGGGAGCAGAAGCGGAGCGTTTTCAAGATG 
PB2 Bm-PB2b-1142: 

[2B] TATTCGTaCATGAGAATGGAAAAACTACTAATAAATTCAGC 
PA Bm-PAb-1: 

[3A1 TATTCGTCTCAGGGAGCAGAAGCGGTGCGTTTGA 
PA Bm-PAb-1283: 

13B1 TATTCGTCraCCTGGATCTACCAGAAATACGGCCAGAC 
HA MDV-B S' BsmBI-HA: 

TATTCGTCTCAGGGAGCAGAAGCAGAGCATTTTCTAATATC 
NP MDV-B 5' BsmBI-NP: 

TATTCGTCTCAGGGAGCAGAAGCACAGCATTTTCTTGTG 
NA Bm-NAb-1: 

TATTCGTCTCAGGGAGCAGAA6CAGAGCA 
M MDV-B 5' BsmBI-M: 

TATTCGTCTCAGGGAGCAGAA6CACGCACI I ICI lAAAATG 
NS MDV-8 5' BsmBI-NS: 

TATTCGTaCAGGGAGCAGAAGCAGAGGATTTGrnAGTC 



Bm-PB1b-1200R: 

TATTCGTaCGATGCCGTTCCTTCnCATTGAAGAATGG 
Bm-PB1b-2369R: 

ATATCGTCTCGTATTAGTAGAAACACGAGCCTT 
Bm-PB2b-1145R: 

TATTCGTaaCTCATTTTGCTCI 1 1 1 1 1 AATATTCCCC 
Bm'PB2b-2396R 

ATATCGTCTCGTATTAGTAGAAACAC6AGCATT 
Bm-PAb-1261R: 

TATTCGTCTCCCAGGGCCCTTTTACTTGTCAGAGTGC 
Bm-PAb-2308R: 

ATATCGTaCGTATTAGTAGAAACACGTGCATT 
MDV-B 3' BsmBI-HA: 

ATATCGTCTCGTATTAGTAGTAACAAGAGCATTTTTC 
MDV-B 3' BsmBI-NP: 

ATATCGTCTCGTArrAGTAGAAACAACAGCATTTrTTAC 
Bm-NAb-1 557R: 

ATATCGTaCGTATTAGTAGTAACAAGAGCATTTT 
MDV-B 3' BsmBI-M: 

ATATCGTCTCGTATTAGTAGAAACAACGCACTTTTTCCAG 
MDV-B 3' BsmBI-NS: 

ATATCGTCTCGTATTAGTAGTAACAAGAGGATTTTTAT 



The sequences complementary to the influenza sequences are shown in bold. The 5'-ends have recognition sequences for the 
restriction endonuclease B5mBI (Bm, CGTCTCN1/N5). The design of the primers for PBl, PB2, and PA allowed the amplification of two 
fragments (1A. IB, 2A, 2B, 3A. 3B). 



sequences in the plasmids possibly represent nonviable variants of 
the virus population or have mutations introduced by reverse 
transcriptase (RT)-PCR, multiple plasmids for each segment have 
to be characterized. A single mutation in one of the plasmids could 
result in failure to rescue virus. The established plasmid-only 
systems for influenza A virus are based on the m vivo transcription 
of viral RNA (vRNA) or cRNA from an RNA polymerase I (pol 
I) promoter on the plasmid (20, 21). These 5' and 3' termini of 
vRNAs or cRNAs are different between type A and type B virus 
and contain sequences that are unique for each of the eight 
segments. However, most sequences deposited in GenBank for 
influenza B virus do not include those end sequences. In addition, 
some of the published terminal regions differ between isolates 
either because the viruses have different sequences and/or because 
of sequencing errors. 

The proteins of type A and type B viruses with analogous 
functions show homologies ranging from about 35% for nucleo- 
protein (NP) to 60% for the polymerase subunit FBI, the most 
conserved protein among influenza viruses (22, 23). In addition to 
sequence differences between influenza A and B virus, the genetic 
organization of these two viruses is different, RNA segment 6 of 
influenza A virus is monocistronic, coding for the NA protein, 
whereas segment 6 of influenza B virus encodes NA and NB 
proteins by using a bicistronic mRNA with two overiapping ORFs. 
The NB protein of influenza B virus is a membrane protein that is 
believed to serve a function similar to that of the M2 protein of 
influenza A viruses (24-26). Furthermore, although RNA segment 
7 of both influenza A and B viruses encodes the matrix protein Ml, 
the organizations of their respective M2 genes are quite different. 
The M2 protein of influenza A virus is translated from an mRNA 
generated by splicing (27, 28). RNA segment 7 of influenza B 
viruses is bicistronic, containing two ORFs characterized by over- 
lapping of the termination codon of the Ml gene and the initiation 
codon of the BM2 gene (29). The BM2 protein is a phosphoprotein 
that is synthesized late in the phase of infection and incorporated 
into virions (30). Influenza A viruses have no counterpart for the 
BM2 protein. Recently, a second ORF in the PBl gene of influenza 
A virus, termed PB1-F2, was reported; influenza B viruses do not 
have this ORF (31). The sequence and organizational differences 
between type A and type B viruses combined with uncertainties of 



vRNA stability and integrity do not allow one to predict the success 
of influenza B virus rescue. The utility of a reverse genetics system 
for generation of influenza B virus can be tested only by plasmid- 
driven expression of all influenza B virus genes and evaluation of 
growth conditions in suitable host cells for virus rescue. 

Here, we report the establishment of an eight-plasmid system 
that enables the generation of infectious, recombinant influenza B 
vaccine strains, and provides a system that will enable the genetic 
characterization of influenza B viral genes. Our results demonstrate 
that the eight-plasmid system allows reproducible and rapid gen- 
eration of B/Yamanashi/166/98 and 6 + 2 reassortants derived 
from influenza B strains circulating in humans. This system can be 
applied to the rapid generation of influenza B virus vaccines 
expressing current antigens. 

Materials and Methods 

Virus Strains. The virus strain B/Yamanashi/166/98 was obtained 
from the repository of St, Jude Children's Research Hospital 
(Memphis, TN). B/ Victoria/504/2000, B/Hong Kong/330/2001, 
and B/Hawaii/10/2001 viruses were provided by N. Cox and A. 
Klimov (Centers for Disease Control, Atlanta, OA). 

RT-PCR. The RNeasy Kit (Qiagen, Chatsworth, CA) was used to 
extract vRNA from 100 /xl of allantoic fluid from infected embry- 
onated chicken eggs. The RNA was eluted into 40 jllI of H2O. For 
RT-PCR of the eight segments, the One Step RT-PCR kit (Qiagen) 
was used according to the protocol provided. One microliter of 
RNA was used for each reaction. The RT reaction was performed 
for 50 min at 50^C, followed by 15 min at 94°C. The PCR reaction 
was carried out by 25 cycles with the following conditions: 94*0 for 
30 s, 54°C for 30 s, and 72°C for 3 min. The primers used for 
construction of plasmids representing the eight segments of B/Ya- 
manashi/166/98 are shown in Table 1. The PBl, PB2, and PA genes 
were amplified by using segment-specific primers with BsmBl sites 
that allow the generation of two fragments. The primers with 
nucleotides complementary to the internal regions of these genes 
have BsmBl sites facilitating the exact fusion of the two amplified 
fragments in a three-fragment ligation reaction with the BsmBl- 
digested vector pAD3000, 
For RT-PCR amplification of the HA and the NA segments, we 
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used the primer pair Bm-NAb-1 /Bm-NAb-1557R (Table 1), which 
allowed the amplification of both segments under the same RT- 
PCR conditions as described above. The PGR products were 
sequenced with internal segment-specific primers to derive a con- 
sensus sequence. For amplification of the PA gene of wt and 
recombinant B/Yamanashi/1 66/98, the forward primer ehl53s-l 
(ATG AAA AGC GA A AAA GCT AAC GA A A ATT TCC) and 
reverse primer eh253r-2 (GTT ACT AAT ACA TTC TTG TAT 
TCC AGA ATA CA) were used. The sequence shown in Fig. 3 was 
obtained by sequencing the PGR product with the forward primer 
ehl53s-l. The sequence of template DNAwas determined by using 
Rhodamine or dRhodamine dye-terminator cycle sequencing ready 
reaction kits with AmpliTaq DNA polymerase FS (Perkin-Elmer). 
Samples were separated by electrophoresis and analyzed on PE/ 
ABI model 373, model 373 Stretch, or model 377 DNA sequencers. 

Cloning of Plasmids. The cloning vector pAD3000 was derived from 
pHW2000 (16) by replacing the bovine GH polyadenylation signal 
with the SV40 late mRNA polyadenylation signal. RT-PCR frag- 
ments were isolated, digested with BsniBl, and inserted into the 
B^mBl-digested plasmid pAD3000. 

To ensure that the plasmids represent wt viral sequences, a 
consensus sequence for all eight segments of B/Yamanashi/166/98 
was constructed from sequence data in GenBank for the coding 
regions PBl (AF102007), PB2 (AF101990), PA (AF102024), HA 
(AF100355), NP (AF100373), M (AF100392), and nonstructural 
(NS) (AF100410) (7, 32), by direct sequencing of the RT-PCR 
product of segment 6, and by sequencing the noncoding regions 
(NCRs) of the viral RNAs. Two sets of eight plasmids derived from 
B/Yamanashi/166/98 were constructed independently; some of 
the plasmids had mutations resulting in amino acid changes. The 
changes were corrected to reflect the consensus sequence by 
site-directed mutagenesis using PfuTurbo DNA polymerase (Strat- 
agene) or exchanged by cloning with other unaltered plasmid 
sequences. The resultant plasmids were sequenced and designated 
pAB251-PBl, pAB252-PB2, pAB253-PA, pAB254-HA, pAB255- 
NP, pAB256-NA, pAB257-M, and pAB258-NS. pAB253-PA dif- 
fers in three nucleotides from the consensus at the following 
positions: 1280A 1280G, 1283T 1283C, and 1289C 1289T, 
These substitutions served as a genetic tag for the recombinant 
virus and were introduced by using the primer Bm-PAb-1261R 
(Table 1). These nucleotide differences are silent, resulting in no 
change in the amino acid sequence of the PA protein. 

Transfection and Generation of Virus. The protocol used for the 
rescue of influenza B virus was based on the protocol for generation 
of influenza A virus (16), Briefly, C0S7 cells were transiently 
cocultured with Madin-Darby canine kidney (MDCK) cells in 
six-well plates. Two microliters of TransIT-LT-1 (Mirrus, Madison, 
WI) per 1 ^g of DNA was mixed, incubated at room temperature 
for 45 min, and added to the cells. After 6-15 h, the DNA- 
transfection mixture was replaced by Opti-MEM I (Life Technol- 
ogies, Rockville, MD). The cells were incubated at 33°C To ensure 
that the generated recombinant viruses were able to replicate 
(cleavage of the HA to produce infectious virus) 2, 4, and 6 days 
after transfection, 1 ml of Opti-MEM I containing 1 ^g/ml 
L-l-tosylamido-2-phenyIethyl chloromethyl ketone (TPCK)-trypsin 
was added to the cells. 

For plaque assay, supematants were titrated on MDCK cells, 
which were incubated with an 0.8% agarose overiay for 3 days at 
33°C. For infection of eggs, the supematants of transfected cells 
were harvested 6 or 7 days after transfection, and 100 ptl of the virus 
dilutions in Opti-MEM I were injected into 11-day-old embryo- 
nated chicken eggs at 33°C. The titer was determined 3 days after 
inoculation by TCIDso (tissue culture 50% infective dose) assay in 
MDCK cells. 



Results 

Generation of B/Yamanashi/166/98 from Eight Plasmids. To con- 
struct eight plasmids representing the virus strain B/Yamanashi/ 
166/98, viral RNA was reverse transcribed and amplified by PGR. 
The resultant cDNA fragments were inserted into pAD3000, which 
contains a pol I transcription unit designed to synthesize vRNA 
from one strand, flanked by an RNA polymerase II (pol II) 
transcription unit to synthesize mRNA from the opposite strand. 
All viral RNAs and mRNAs/proteins should be produced intra- 
cellularly after transfection of a primate cell (Fig. 1). The viral 
cDNAs cloned into the resultant plasmids were sequenced in their 
entirety and represent the consensus sequence of the eight seg- 
ments of B/Yamanashi/166/98. These plasmids were designated 
pAB251-PBl, pAB252-PB2, pAB253-PA, pAB254-HA, pAB255- 
NP, pAB256-NA, pAB257-M, and pAB258-NS. 

To test whether infectious B/Yamanashi/166/98 virus could be 
generated from the constructed eight plasmids, cocultured COS7- 
MDCK cells were transfected with 1 /tg'of each plasmid. Charac- 
teristic virus induced cytopathic effect (CPE) was evident in the 
MDCK cells 5 to 7 days posttransfection and required the trans- 
fection of all eight plasmids to produce CPE (Table 2), In addition, 
the supematants from these transfected cells were plated out at a 
variety of dilutions on fresh monolayers of MDCK cells, and 
infectious virus was detected only when all eight plasmids were 
present. These results indicated that infectious virus was generated 
from cloned cDNAs. 

To determine the efficiency of the DNA transfection system for 
virus generation, supematants of transfected COS7-MDCK cells or 
C0S7 cells alone were titrated at day 2, 3, 4, 5, and 6 after 
transfection on fresh MDCK cells. No virus could be detected 2 
days after transfection. Three days after transfection, 2 X 10^ 
plaque-forming units (pfu)/ml of virus were detected in the super- 
natant of transfected COS7-MDCK cells, and 1 X 10^ pfu/ml were 
detected on C0S7 cells alone (Fig. 2). This yield increased in 
COS7-MDCK cells to 5 X 10^ pfu/ml and in COS7 cells alone 
to 2 X 10^ pfu/ml 6 days posttransfection. No virus was detected in 
supematants derived from cells transfected with only seven 
plasmids. 

To formally prove that the virus in the supematants of infected 
cells was derived from the input plasmids, the presence of the three 
silent nucleotide differences in PA were identified. RT-PCR was 
performed with allantoic fluid from embryonated chicken eggs 
infected with either wt B/Yamanashi/166/98 (wtB-Yam) or su- 
pematant from cells transfected with eight plasmids (recB-Yam). 
The region of the PA gene encompassing nucleotides 1280-1290 
was amplified by RT-PCR and sequenced (Fig. 3). Sequencing of 
the PGR products revealed that recB-Yam contained the three 
expected nucleotide changes relative to wtB-Yam. Thus, the re- 
combinant virus was derived from the input plasmids. 

In addition, all eight gene segments of recB-Yam were amplified 
by RT-PCR to evaluate the fidelity of the in vivo transcription of the 
type B segments. The sequences of the PGR products were deter- 
mined by sequencing using segment-specific primers. There were 
no nucleotide differences between the sequences of the plasmid- 
derived, recombinant virus and those of the plasmids used for 
transfection. These data show that, after transfection of eight 
plasmids, all viral cDNAs are transcribed with high fidelity intra- 
cellularly, resulting in reproducible and efficient de novo generation 
of the influenza virus B/Yamanashi/166/98. 

RT-PCR and Cloning of Genes Representing the HA and NA of influenza 
B Virus. In general, for use of the plasmid-based system for rescue 
of vaccine virus strains, it would be advantageous to have a simple 
and reliable method for sequence determination and cloning of the 
genes representing the HA and NA glycoproteins. The primers 
were optimized for simultaneous RT-PCR amplification of the HA 
and NA segments. Comparison of the terminal regions of the vRNA 
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Fig. 1, Eight-plasmid bidirectional 
transcription system for the generation 
of influenza B virus. The eight plasmids 
contain cDNAs representing the eight 
gene segments of influenza B virus. In 
each of the plasmids, the cDNAs are 
flanked by pol I (pi) promoter/termina- 
tor (ti) sequences. The RNA pol I tran- 
scription unit is flanked by pol II pro- 
moter (pii)/polyadenylation (an) 
sequences. After transfection of these 
constructs into C0S7 cells, cellular pol I 
synthesize virus-like noncapped nega- 
tive sense vRNAs and pol II capped 
mRNAs encoding the viral proteins. Af- 
ter translation of PB1, PB2, PA, and NP 
proteins, the eight negative sense 
vRNAs are transcribed and replicated. 
Ultimately, the viral ribonucleoproteins 
(vRNPs) and structural proteins derived 
from cellular transcription or viral am- 



plification (dashed rectangle) are as- 
sembled into new virus particles. 



representing the NCR of segment 4 (HA) and segment 6 (NB/NA) 
revealed that the 20 terminal nucleotides at the 5' end and 15 
nucleotides at the 3' end were identical between the HA and NA 
genes of influenza B viruses. A primer pair for RT-PCR [(under- 
lined sequences are influenza B virus specific) Bm-NAb-l, TAT 
TCG TCT CAG GG A OCA GAA OCA GAG CA : Bm-NAb- 
1557R, ATA TCG TCT CGT ATT AGT AGT AAC A AG AGC 
ATTTT ] was synthesized and used to simultaneously amplify the 
HA and NA genes from various influenza B strains (Fig. 4). The 
HA and NA PGR fragments of B/Victoria/504/2000, B/Hawaii/ 
10/2001, and B/Hong Kong/330/2001 were isolated, digested with 
BsmBl, and inserted into pAD3000 (Table 2). These results dem- 
onstrated the applicability of these primers for the efficient gener- 
ation of plasmids containing the influenza B HA and NA genes 
from several different wt viruses. The RT-PCR products can be 
used for sequencing and/or cloning into the expression plasmids. 



Previously, a similar approach was used for the amplification of ail 
eight segments of influenza A virus (33). 

Generation of 6 + 2 Reassortants with B/Yamanashi/1 66/98 as 
Backbone. Influenza B viruses segregate between two distinct 
lineages, B/Victoria/2/87-like viruses and B/Yamagata/ 16/88- 
like viruses (2-6). To demonstrate the utility of B/Yamanashi/ 
166/98 (a B/Yamagata/16/88-like virus) to efficiently express 
antigens from both these lineages, reassortants containing PBl, 
PB2, PA, NP, M, NS from B/Yamanashi/1 66/98, and the HA and 
NA from strains representing both the Victoria and Yamagata 
lineages (6 + 2 reassortants) were generated. 

Transiently cocultured COS7-MDCK cells were cotransfected 
with six plasmids representing B/Yamanashi/166/98 and two 
plasmids containing the cDNA of the HA and NA segments of two 
strains from the B/Victoria/2/87 lineage, B/Hong Kong/330/2001 



Table 2. Plasmid set used for the generation of B/Yamanashi/166/98 and 6 + 2 reassortants 



Segment Piasmid set 



1 _ 


PAB251-PB1 


PAB251-PB1 


PAB251-PB1 


PAB251-PB1 


2 PAB252-PB2 


PAB252-PB2 


PAB252-PB2 


PAB252-PB2 


PAB252-PB2 


3 PAB253-PA 


PAB253-PA 


PAB253-PA 


PAB253-PA 


PAB253-PA 


4 PAB254-HA 


PAB254-HA 


PAB281-HA 


PAB285-HA 


PAB287-HA 


5 PAB255-NP 


PAB255-NP 


pAB255-NP 


PAB255-NP 


PAB255-NP 


6 PAB256-NA 


PAB256-NA 


pAB29VNA 


PAB295-NA 


PAB297-NA 


7 PAB257-M 


PAB257-M 


PAB257-M 


PAB257-M 


PAB257-M 


8 pAB258-NA 


PAB258-NA 


pAB258-NA 


PAB258-NA 


PAB258-NA 


Recombinant virus 


8 


6 + 2 


6 + 2 


6 + 2 




B/Yamanashi/166/98 


8/Victoria/504/2000 


B/Hawaii/10/2001 


B/Hong Kong/330/2001 


pfu/ml* 0 


4x 10'^ 


9 X 10« 


6 X IQfi 


7 X 106 



*Supernatants of cocultured C0S7-MDCK cells were titrated 6 or 7 days after transfection, and the viral titer was determined by plaq i 
assays on MDCK cells. Plasmids containing the HA or NA cDNA of currently circulating strains are shown in bold. 
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Fig. 2. Kinetics of virus generation after transfection. C0S7 or cocultured 
C0S7-MDCK cells were transfected with eight plasmids representing the eight 
segments of B/Ya ma nashi/ 166/98. The virus yield of the supernatant was deter- 
mined at different times after transfection by plaque assay on MDCK cells. 



and B/Hawaii/ 10/2001, and one strain from the B/Yamagata/ 
16/88 lineage, B/Victoria/504/2000. Six to seven days after trans- 
fection, the supernatants were titrated on fresh MDCK cells. All 
three 6 + 2 reassortant viruses had titers between 4-9 x 10^ pfu/ml 
(Table 2). These data demonstrated that the six internal genes of 
B/Yamanashi/166/98 could efficiently form infectious virus with 
HA and NA gene segments from both influenza B lineages. 

Relatively high titers are obtained by replication of wt B/Yama- 
nashi/166/98 in eggs. Experiments were performed to determine 
whether this property was an inherent phenotype of the six "inter- 
nal" genes of this virus. To evaluate this property, the yield of WT 
B/ Victoria/504/2000, which replicated only moderately in eggs, 
was compared with the yield of the 6 + 2 reassortant expressing the 
B/Victoria/504/2000 HA and NA. These viruses in addition to wt 
and recombinant B/Yamanashi/166/98 were each inoculated into 
three or four embryonated chicken eggs, at either 100 or 1,000 pfu. 
Three days after infection, the allantoic fluids were harvested from 
the eggs and the TCID50 titers were determined on MDCK cells. 
The 6 + 2 reassortants produced similar quantities of virus in the 
allantoic fluid to the wt and recombinant B/Yamanashi/166/98 
strain (Fig. 5). The difference in titer between B/Victoria/504/ 
2000 and the 6 + 2 recombinant was ^1.6 logio TCID50 (0.7-2.5 
logio TCID5o/ml, 95% confidence interval). The difference be- 

M 1 2 3 




1 


wt-B/ramanashi/166/9d 


2 

* i 1 *i| 


\ recWamanashinee/SB 

J« £{c)e » i < 4(|: t * « t t 



Fig. 3. Genetic characterization of recombinant influenza B viruses. RNA was 
isolated from allantoic fluid of chicken eggs either infected with wt B/Yama- 
nashi/166/98 (1) or with supernatant of transfected C0S7-MDCK cells with 
eight plasmids (2). RT-PCR was performed by using PA-specific primers. The 
PCR products were sequenced. The nucleotides in the electropherogram that 
differ between recombinant virus and wt virus are encircled. 
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Fig. 4. RT-PCR for amplification of the HA and NA segments. RT-PCR was 
performed with the primer pair Bm-NAb-l/Bm-NAb-1557R. The PCR products 
were subjected to gel elertrophoresis on a 1 % agarose gel. RNA isolated from 
the following virus isolates were used: 1, B/Lee/40; 2, B/Ann Arbor/1/94; 3, 
B/Yamanashi/166/98; 4, B/Johannesburg/5/99; 5, B/Victoria/504/2000; 
6, B/Sichuan/31 7/2001; 7, B/Shlzuoka/1 5/2001; 8, B/Hawaii/10/2001; 9, 
B/Hong Kong/330/2001; no RNA. 



tween B/Victoria/504/2000 and the 6 + 2 recombinant was 
confirmed on three separate experiments (P < 0.001). These results 
demonstrated that the egg growth properties of B/Yamanashi/ 
166/98 could be conferred to HA and NA antigens that are 
normally expressed from strains that replicated poorly in eggs. 

Discussion 

The fact that we are now able to rescue influenza A and influenza 
B virus reproducibly from a small number of plasmids containing 
the bidirectional RNA pol I-pol II transcription system proves the 
utility of this approach for generation of infectious virus entirely 
from cloned cDNA. Recently, the rescue of Thogoto virus, a 
tick-transmitted type D orthomyxovirus with a genome consisting 
of six negative-stranded RNA segments, was reported (34). This 
system required two plasm id sets: one set for the expression of the 
six vRNAs, which utilizes the human pol I promoter, and the other 
set for the expression of mRNAs for the viral structural proteins 
under the control of a T7 promoter. Expression of this latter set of 
RNAs required coinfection with a vaccinia virus expressing T7 
RNA polymerase, Transfection of these 12 plasmids into 293T cells 
resulted in the efficient recovery of recombinant Thogoto virus. 




Fig. 5. Growth of 6 + 2 reassortants in eggs. Embryonated chicken eggs were 
inoculated with wt or recombinant virus. The virus titer was determined by 
titration on MDCK cells . 
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Possibly, the dual pol I-pol II promoter system could simplify and 
improve the Thogoto virus rescue by reducing the number of 
plasmids to six and eliminate the need for coinfection with vaccinia 
virus. The high efficiency of the dual promoter system for both type 
A and type B virus suggests that infectious influenza C virus, which 
consists of seven segments, can be rescued by cotransfecting seven 
pol I-pol II plasmids. 

In principle, plasmid-only systems allow the manipulation of the 
noncoding and coding regions of the viral RNA. The non coding 
regions contain cw-acting signals for the regulation of transcription 
and replication of viral RNA (35, 36). Type-specific differences of 
the NCRs between members of the Orthomyxovirus family were 
analyzed in the last decade mostly by using in vitro transcription 
assays or in vivo reconstitution of vRNA-like templates encoding 
reporter genes such as chloramphenicol acetyltransferase (37-40). 
Those studies can now be extended to characterize sequence 
elements that are type specific and those that modulate gene 
expression and can be exchanged between types in the context of 
infectious viruses. Compared with influenza A virus, the NCRs of 
influenza B viruses are relatively large, extending up to 100 nt. By 
using the ribonucleoprotein transfection method (41) combined 
with an efficient antibody-driven selection method, the H A-NCR of 
influenza B virus was shown to be flexible in sequence and in length 
(42). Because the eight-plasmid system for influenza B virus does 
not require any selection procedure, similar mutagenesis studies can 
now be applied to all eight gene segments. 

The classical method for generating influenza B inactivated 
vaccine virus is to grow the wt strain in embryonated chicken eggs. 
However, not all influenza B strains grow to high titers in eggs; 
therefore, occasionally a wt virus that is antigen ically similar to, but 
not identical to, the circulating wt strain and that grows to accept- 
able titers in eggs is selected for vaccine production. The process of 
evaluating suitable vaccine candidates that meet these criteria is 
time consuming and laborious and may result in a candidate that 
lacks the optimal antigenicity. Here, we have demonstrated that the 
eight-plasmid system allows the generation of 6 -f- 2 reassortants 
expressing antigens from both influenza B lineages with the B/ 
Yamanashi/1 66/98 backbone. These reassortants grew well in eggs 
and in most cases to higher titers than the wt parent expressing the 
HA and NA antigens. 
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The plasmid rescue system for influenza B virus described here 
should advance the reliability and quality of vaccines expressing 
appropriate HA and NA antigens. The consensus sequence of the 
recombinant transfectant virus was identical to the viral inserts in 
the plasmid clones. This high level of sequence integrity has been 
demonstrated with several other rescued type A viruses (43, 44). In 
addition, plasmid collections representing all antigenic variants of 
the B/Yamagata/ 16/88 and B/Victoria/2/87 lineages can now be 
created by using primers suitable for simultaneous RT-PCR of the 
HA and NA genes. Two to three weeks are required for sequencing 
and cloning of the HA and NA genes; subsequently, the reassortant 
viruses can be generated within 1 week. In addition to the faster 
generation of reassortants, using a standard master strain such as 
B/ Yamanashi/1 66/98 may result in a more homogenous virus 
population with regard to the size and shape of virus particles. The 
growth of the reassortant viruses to high HA titers in eggs indicates 
that the growth is not restricted by incompatibilities between the 
six internal genes of B/Yamanashi/1 66/98 and the glycoproteins 
from the selected vaccine strains. Genetic engineering of the 
B/Yamanashi/1 66/98 plasmids or use of a different high growing 
master strain such as B/Lee/40, which has recently been rescued in 
our laborator}', may even increase the virus yield. 

The plasmid rescue system for influenza B will enable molecular 
genetic studies of influenza B viruses. Influenza A and B viruses 
have distinctive molecular biological properties and produce dif- 
ferent gene products. The advent of a molecular genetics system 
that allows recombinant viruses to be made without requiring a 
selective pressure should allow dissection of specific gene functions 
of influenza B virus. This system can be used to evaluate attenuating 
lesions in attenuated influenza B strains, such as B/Ann Arbor/ 
1/66, and discover the requirement for specific gene products 
during the viral replication cycle. 
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The recovery gf recoinbiaant influenza A virus entirely irom cDNA was recently described (9 19) We 
adapted Oie technique for engineering infiitenza B virus and generated a mutant bearing an amino acid chanpe 
E116G In the viral neuramtaldasc which was t^istant in vitro to the neuraminidase Inhibitor ^namivir. The 
method also fedUtates rapid isolation of single-gene reassortants suitable as vacdne seeds and will aid further 
Investigations Of unique features of Influenza B virus. 



influenza illness, a cause of more than 20,000 excess deaths 
in epidemic years in the United Kingdom (7), is attributable to 
infection with one of two subtypes of influenza A vims or with 
influenza type B vims (8), Thus, influenza B virus surfecc 
antigens arc an essential oomponcnt of any vaccine effective in 
reducing influenza morbidity, influenza B viruses, like their 
type A countciparts, are orthomyxoviruses with genomes com- 
prised of eight segments of negative-sense single-stranded 
RNA. In general, they encode proteins with homology to those 
encoded by influenza A virus, although there arc notable and 
interesting differences, particularly in RNA segments 6 and 7 
(16). In addition, a recently described additional open reading 
frame within RNA segment 2 present in many influenza A 
virus strains is absent from influenza B viruses (5). The reasons 
for and biological consequences of the genetic differences be- 
tween influenza A and B viruses arc of considerable academic 
interest and may have implications for undemanding the lim- 
ited host range for influenza B virus as well as for developing 
antiviral strategics for these orthomyxoviruses. 

The manipulation of the influenza vims genome was first 
described by Palesc and coworkers in 1989 (17), and the de- 
velopment of the technique to sile-spedflcally change an Ui- 
fcctious influenza B virus followed shortly after (1). However, 
this method^ which utilized a helper virus and appropriate 
selection systeo), suffered from the hmicadon that engineering 
of all RNA segments was not possible. Since 1999 it has been 
possible to recover recombinant influenza A viruses entirely 
from cDNAs (9, 13, 19). Even v^dthm the short time this system 
has been available, it has revolutionized the potential for in- 
fluenza virus research by fodlitating a reverse genetic approach 
to the study of all the influejua A virus genes (3» 5, 11, 12, 20, 
27). The process involves the in situ generation of virus RNAs 
transcribed from eight separate plasmids in which the influ- 
enza virus sequences arc placed downstream of polymerase I 
promoters. In addition, expression of the four proteins which 
comprise the viral polymerase, NP, FBI, PB2, and PA, is 
achieved by placing their coding sequences under the control 
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of a polymerase II promoter either in separate expression 
plasmids or in bidirectional plasmids (13). In this repon we 
describe the adaptation of reverse genetics technology for en- 
gineering recombinant influenza B viruses. 

The strategy we applied is based upon that described for 
recovery of recombinant influenza A viruses <9, 19). Wc used 
a cassette vector, pPRG, which allows cloning of the segments 
of the influenza B vims genome so that they arc flanked by a 
human polymerase 1 promoter at the 5' terminus and the 
hepatitis delta virus (HDV) ancigcnomic ribozyme at the 3' 
terminus, such that their transcription results in negative-sense 
RNAs with exact viral-like termini. The polymerase I promoter 
was doncd from a human genomic library by PGR using prim- 
ers based on published sequences (15). The ribozyme sequence 
was the ahtigenomic sense ribozyme of HDV (Idndly provided 
by A Ball), The plasmid pPRG was previously used for the 
rescue of influenza virus AAqcioria/3/75 H3N2 from cloned 
DNA (I Daly, A Cadman, W. Snowden, M. Tisdale, and T. 
Zurchcr, Abstr. Options Control Influenza IV. abstr. W23-5, 
2000). We inserted sequences encoding the influenza B virus^ 
like model RNA HABCAT (1) and coiransfected this plasmid, 
pPRGCAT, with four plasmids directing expression of the 
influenza B virus polymerase complex. These helper plasmids 
were based on vector pCI (Invitrogcn) and had coding se- 
quences for NP, PBl, PB2, and PA derived from B/Panama/ 
45/90 virus (14) inserted downstream of a cytomegalovirus 
(CMV) promoter. As a control we insened HABCAT se- 
quences Into the pPoURTSapI vector, described and kindly 
provided by Fodor et al. (9), to create pPRFCAT. We se- 
quenced both polymerase I promoters and found no nucleo- 
tide differences between them, although they differed from 
pubhshcd sequences (15). However, it should be noted that 
pPRFCAT contains the HDV genomic sense ribozyme. The 
data in Fig. 1 indicate that chloramphenicol acetyltransferase 
(CAT) expression following transtecUon of each construct var^ 
ied. It may be that the efficiency of cleavage by either ribozyme 
affects expression, Hov^cr, wc cannot exclude the possibility 
that different sequences surrounding the promoter and ri- 
bozyme in the two vectors affect their eflicicndcs. Since the 
pPRG vector resulted in the most CAT protein produced, we 
chose this for insertion of the influenza B virus gene segments. 

We also tested whether polymerase proteins from a different 
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FIG. 1. Replication and cxpreisjon of HaBCAT influenza B virus 
model RNAa. CAT protein synthesized from two constructs containing 
an influenza B vRNA-Ukc CAT reporter gene was quantifled. pPRG- 
CAT and pPRFCAT contain the CAT gene In a negative-sense ori- 
entation flanked by the influenza B virus HA gene noncoding regions 
between a human RNA polyrocrasc I promoter and an HD V riboiyjnc 
terminator. One mlcfogram of each construct wa* catran&fccted into 5 
X 10* 293T cells with 0^ ng of pCiPBl, 0^ jtg of pCIPBZ, 0^ ^ig of 
paPA» and 1 ji^ of pCINP.ThepCI plasmid& express B/Panama/45/90 
polymerase and NP proteins. pPRGCAT was also coiransfected with 
plasmids expressing the A/Victoria/3y75 PBl. PB2, PA, and NP pro- 
teins Or with pcDNA34Tascd plasm ids expressing the same proteins 
from the B/Ano Arbor/66 virus. Transfections were performed in du- 
plicate using the FuGENE 6 trarofcciion reagent (Koche), After 48 h 
cells were lyscd and cell lysatea were used in a CAT enzyme-linkcd 
immunosorbent assay (Roche). 



strain of influenza B vims, B/AA/66 (25), or from influenza A 
virus could suppon replication of the HABCAT viraUike 
RNA. Figure 1 shows that both supported replication of the 
model RNA, although less well than the B/Panama polymerase 
proteins. It is well established that influenza A vims poly- 
merases replicate model RNAs containing influenza B vims 
promoters (6. 14. 18, 28). The differences wc observed in tep- 
licacion efficiency by influenza B vims polymcr^iscs might be 
due cither to sequence, since they arc from different vims 
strains, or to the nature of the expression plasm id in which ihey 
were cloned. In vims rescue experiments wc used B/Panamjt^ 
45/90 polymerases (Table 1). 

The influenza B virus gene segments were cloned by reverse 
transcription-PCR (RT-PCR), using appropriate priraefscom- 
pleracntaiy to the segment termini (26) (primer sequences 
available on request) that introduced BsmBl or Sapl restriction 
cnrymc sites to facilitate their insertion into pPRG cassette 
vectots containing these sites. Sfac of the RNA segments were 
derived-irom influenza virus B/Beijing/l/87. Segment 1 was 
derived from a cDNA clone of the PB2 gene from influeoza 
virus B/Panama/45/90 (14). Segment 5 was obtained by RT- 
PGR from influenza virris B/Lee/40 viral RNA (vRNA). This 
cDNA was inserted into a bidirectional constmct containii^ 
both polymerase I and polymerase fl promoters by subdoning 
the polymerase I and ribozyme sequences into pcDNA3 (In- 
vitrogen) (Table 1), Aliquocs of OJ ^-g of eac* of the eight 
plasmids were cotransfected into 293T cells with B/Panama 
polymerase expression plasmids. Sixcccn hours after transfec- 
tion the 293T cells were cocultured with MDCK cells in the 
presence of 2,5 p-g of trypsin/ml. Cytopathic effect (CP^) was 
observed 71 h postcoculturtng, and subsequent rescue expcti- 



ments confirmed that CPE routinely appears between 68 and 
72 h postcoculturc. Cell supernatant harvested after a further 
36 h displayed a titer of 32 hemagglutinating units and an 
infectivity of approximately 10* PFU/ml. Analysis of RNA seg- 
ments of the recovered virus by RT-PCR, diagnostic restriction 
enzyme digestion, and sequencing of the PGR products illus- 
trated that the recovered vims contained a gene constellation 
dictated by the plasmids used for transfectton and hitherto 
unreported in our laboratories or in the literature. The rescued 
virus contains a B/Lee/40 virus nucleoprotein (NP) gene which 
is easily identified since it differs from other influenza B virus 
NP genes in that it contains a single £caRl restriction site, 
whereas other sequences contain two or more, and it lacks a 
BsmBl restriction site whereas this site is present at nucleotide 
1370 in other influenza B vimses. Moreover, influenza vims 
B/Panama/45/90 vims has never been prop^ted in our lalx>- 
ratoty. and the sequence of RT-PCR products from the re- 
combinant virus illustrates that it contains a B/Panama/4S/90 
PB2 segment (data not shown). 

We believe this to be the first successful recoveiy of recom- 
binant inftuenza B virus entirely from cDNA. Although the 
technique we have used is an adaptation of that previously 
developed for influenza A viruses, we have made some impor- 
tant and possibly significant improvements. Firstly, as dis- 
cussed above, the plasmid vector and polymerases used in the 
system differ from those used in other laboratories. Secondly, 
the generic constellation of the virus we rescued is unusual 
(Table 1). Sbc of the segments are from influenza virus B/Bei- 
juig/1/87 vims, but PB2 is firom B/Panama/45/90 and NP is 
from the highly laboratory-adapied strain B/Lec/40. This was 
useful for identifying the recovered vims and also may con- 
tribute to our success, as it results in a vims which replicates 
very well in MDCK cells, so even if transfection efficiency were 
low recovered vims would be readily amplified following co- 
culture. Thirdly, we utilized a bidirectional vector for genera- 
tion of segment 5 RNA. We do not know at present whether 
this is essential for vims recovery. However, subcloning of 
segment 5 cDNAs into the pPRG veaor did not allow recovery 
of virus. Interestingly, although the bidirectional plasmid gen- 
erates NP that can support HABCAT model RNA replication 
(data not shown), omission of the pCINP plasmid did not allow 
virus recovery, although substitution with pcDNA3NP from 
B/AA/66 did. 



TABtE 1. Plasmids used for rescue of recombinant influenza B 
vims entirely from cDNA 



Plasmid 



Origin of viral genes 



Ptomowr 



pPRPBl 
pPRPB2 
pPRPA 
pPRHA 
pPRNP 

pPRNA 

pPRM 

pPRNS 

pOPBl 

pCrPB2 

pQPA 

pQNP 



B/Bcijiug/l/a? 

B/PanafflQ/45/90 

BmcTjing/1/87 

B/Bcijing/l/$7 

B/Lcc/40 

B/Bcijlng/l/S? 

B/Beijing/l/87 

B/Bcijing/l/S? 

B/Panama/45/90 

B/Panama/45/90 

B/Panama/45/90 

B/Panama/45/90 



Human RNA polymerase I 
Human RNA polymerase 1 
Human RNA polymerase 1 
Human RNA polymerase I 
Human RNA polymerase ! and 

CMV RNA polymerase II 
Human RNA polymerase 1 
Human RNA polymerase 1 
Hum^n RNA polymerase I 
CMV RNA polymerase U 
CMV RNA polymerase 11 
CMV RNA polymcrHscII 
CMV RNA polymerase II 
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FIG, 2. (A) Nucleotide and amioo acid sequences of B'*^WNP, 
B*^E116G and B*Ha2X rescued virus NA. B'^WNP and B'^HA2X 
contain the £116 sequence and B*E116G contain* the 116G sequence. 
The bold lettering in the El 16 nucleotide sequence highlights the 
Dodon coding for gluumic acid at amino acid posftion 116, The bold 
lettering in the I J6G sequence highlights single base mutations (intro- 
duced into the pPIlNA plaunid via iitc-dircctcd mutagenesis) within 
the NA gene of B*EU6G rescued viru*. (B) Mdtiple-stcp growth 
curve of B^WNP B*E116G (□). and B*HA2X (A) rescued 
viruses in MDCK cclli. Eight 3 j-cra= welts of confluent MDCK cells 
(approximately 10* cells) were tnfcded with each virus at a muhtDlicitv 
of infection of 0.001 for I h at 34"C. Cdls were washed, and scrum-free 
Pulbccco'8 modified Eagle's medium conlainii^g 23 |Lg of tiypsin/ml 
was added to each well, followed by iacubation at d^^C Cell superna- 
tant from one well was harvested after each of the following time 
points; 12, 24, 36. 4S, 6Q, 72, 84» and 99 h pouinfeciian (p.i). 



We engineered a mutation into the pPRNA plasroid to alter 
amino add residue 116 of the B/Bicijinga/87 ncuraraim'dase 
(NA) protein from glutamic add to glycine (Fig. 2A). This 
tnucation has been independently identified in two laboratory 
isolates which acquired resistance to the NA inhibitor zanami- 
vir (2, 24), A virus was recovered that grew well in MDCK 
cells. Figure 2B illustrates the multicycle growth charaaeristics 
in comparison with the recovered wild-type virus with the same 
genetic constellation. As predicted, the E116G mutant dis- 
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FIG. 3. Inhibition of B'WNP (O) and B*EU6G (■) rescued virus 
NA activity by zanamivir via the adaptation of the NA assay of Polier 
et al. (21). 



played a drug-resistani phenoiype in plaque reduction assays. 
At a concentration of 0.03 jig of zanamivir/inl, the size and 
number of plaques formed by wild-type virus were greatly 
reduced but the EH60 mutant was unaffected. Sequencing of 
RT-PCR products confirmed that the E116G mutation was 
present, as was a silent mutation in the preceding codon engi- 
neered into the cDNA as a tag (Fig. 2A). 

We next assayed the inhibition of mutant NA enzyme activ- 
ity by zanamivir. Infected cell supcmatants containing wild- 
type or En6G vinjs were adjusted for equivalent NA activity 
and then subjected to the 4-methyluinbeliiferyl-a-D-acetyineu- 
raminate (MUNANA) en^mie assay in the presence of differ- 
ent concentrations of drug, A greater amount of virus was 
needed to assay the mutant enzyme, indicaring that it had a 
reduced NA activity. Indeed, hemagglutination eluiion at 3TC 
(assumed to be mediated by NA activity) was not observed for 
the mutant virus. Moreover, the E116G mutant NA was only 
inhibited by high concentrations of ^anammr. The 50% inhib- 
itory concentration (ICso) was approximately 1 nM for wUd- 
type virus but increased to over 8 m.M for the mutant (Fig. 3). 
These results correlate well with IC50 values previously ob- 
tained for wild-type and EU60 B/Be«infi/l/87 viruses (2). 

Since both influenza B viruses previously described which 
contain the E116G mutation also contained additional hemag- 
glutinin (HA) mutadons (2, 24), we sequenced RT-PCR prod- 
ucts derived from the entire HA gene of the mutant virus. No 
changes from die wfld-typc B/Beijing/i;87 HA sequence were 
found. Thus, the reverse genetics procedure has allowed the 
recoveiy of a genetically defined vims altered in a single gene 
segment which can help to understand the contribution of 
single point mutations to a drug resistance phenotype. 

rt has been particularly difficult to snidy the contribution of 
NA mutations to resistance to the NA inhibitors in the context 
of live virus when using a traditional genetic approach, since 
NA mutations are always accompanied by changes in the HA 
gene both in vitm and in vivo (2, 10, 24). In studies with 
influenza A virus mutants, the contributions of the NA and HA 
sequence changes to the drug-rcsistant phenotype have been 
separated by generating singlc-gcnc rcassonants (4). The re* 
verse genetics technology allows the analysis of individual mu- 
tations in separate gene segments without needing to resort to 
such metiiods. The NA El 160 mutant demonstrates that the 



Vou 76. 2002 



NOTES 11747 



drug- resistant phenotype to an NA inhibitor can be conveyed 
by a single amino aci<3 change in the NA gene. Jntercsiingiy, 
the E116G virus displayed efficient replication in MDCK cells. 
However, it has been shown previously that NA mutants with 
reduced enzyme activity may grow well in MDCK cells but 
have reduced infectivity in vivo (11; J. Cair, J. Ives, N. A, 
Roberts, C. Y. Tai. D. B. Meadel. L, Kelly, R, LambkJn, and J. 
Oxford, Absir. 2nd Int Symp. Influenza Other Rcspir. Viruses, 
1999). It may be that the reduction in NA activity is not sufli- 
cicnx to significantly disrupt the balance between HA aflinity 
and NA aaivity in MDCK cells. Changes in HA leading to 
altered receptor binding and antigenic properties of influenza 
B viruses upon adaptation to cell culture and eggs have been 
docunjcnicd (22, 23). 

We replaced the pPRHA plasmid with pPRHA2X, which 
encodes the HA gene from in^uenza vims B/Md/S9 genetically 
tagged with a^nXbal restriction enzyme site (1). A recombinant 
virus was rescued which contained the genetic tag and dis- 
played similar growth kinetics to the wild type and the drug- 
resistant mutants described above (Fig. 2B). 

The ability to generate antigenic variants of influenza B virus 
within a high-growth bacl(;ground of internal genes may have 
important consequences for generation of vaccine strains. In 
recent years the World Health Organization (WHO)-rccom- 
mended strain of influenza B virus has grown poorly in eggs. 
During 199S to 2002, alternative influenza B.virus strains which 
resembled the WHO strain ancigemcally but grew to higher 
titers in eggs were selected for use in EU vacdncs (John Wood, 
personal commum'cation). Even so, in some cases growth of 
the chosen virus was still inefficient, causing a potential reduc- 
tion in Che number of available doses. Since typically influenza 
A virus high-growth reassortants increase yield approximately 
fourfold over that of wild-type strains, the ability to generate 
simUar high-growth strains of influenza B vims to order will be 
a useful addition to the influenza virus reverse genetic reper- 
toire. 

We thank Andrew Ball, Ervin Fodor, Juan Oiiin, Peter Palese. flfid 
Augustin Portcla for providing plasmids. Wc also thank Philip Yates 
for help with the MUNANA nisoy and Mark Stevens and John Wood 
for useful discussion. 



ADDENDUM IN PROOF 

Since submission of chis article, Hoffmann et al. have re- 
ported the rescue of recombinant influenza B virus using a 
similar approach (E. Hoffmann, K. Mahmood, C-F, Yang, R, 
G- Webster, H. B, Greenberg, and G, Kemblc, Proc. Natl. 
Acad. Sci. USA 99:11411-11414, 2002). 
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Thogoto virus (THOV) is a tick-transmitted orthomyxovirus with a genome consisting of six negative- 
stranded RNA segments. To rescue a recombinant THOV, the viral structural proteins were produced from 
expression plasmids by means of a vaccinia virus expressing the T7 RNA polymerase. Genomic virus RNAs 
(vRNAs) were generated from plasmids under the control of the RNA polymerase I promoter. Using this 
system, we could efficiently recover recombinant THOV following transfection of 12 plasmids into 293T cells. 
To verify the recombinant nature of the rescued virus, specific genetic tags were introduced into two vRNA 
segments. The availability of this efficient reverse genetics system will allow us to address hitherto-unanswered 
questions regarding the biology of THOV by manipulating viral genes in the context of infectious virus. 



Thogoto virus (THOV) is the prototype tick-transmitted or- 
thomyxovirus (18). The genome of THOV consists of six sin- 
gle-stranded RNA segments of negative polarity that are en- 
capsidated by the viral nucleoprotein (NP) and associate with 
the viral RNA polymerase complex to form ribonucleoprotein 
complexes (vRNPs) (4, 17). Each individual segment codes for 
a single structural protein: the three subunits of the viral RNA 
polymerase complex (PB2, PBl, and PA) (11, 25), the viral 
surface glycoprotein (GP) (12), the NP (26), and the matrix 
protein (M) (10). Members of the genus Thogotovirus are 
structurally and genetically similar to the influenza viruses but 
are unique in their ability to infect mammalian as well as tick 
cells (15). The host change between vertebrates and arthropo- 
des requires specific adaptations to allow the virus to replicate 
in both cell types. Accordingly, THOV has unique features like 
the single GP that has no similarities to the influenza virus 
glycoproteins but has similarity with the surface glycoproteins 
of baculoviruses (12). In addition, THOV has a unique cap- 
snatching mechanism, using only the cap structure and one 
additional nucleotide from cellular mRNAs to initiate viral 
transcription (2, 26). Moreover, the genome of THOV does 
not encode additional proteins, like the NS2/NEP or the NSl 
of influenza A virus (FLUAV). NS2/NEP is essential for the 
export of the newly synthesized vRNPs out of the nucleus (13, 
16). The nonstructural protein NSl has been shown to sup- 
press interferon production and the interferon-mediated anti- 
viral response of the infected host cell, most likely by seques- 
tration of double-stranded RNA molecules (7, 23), Since 
THOV lacks analogous proteins, it depends on the basic set of 
its six structural proteins to perform nuclear export of the 
vRNPs and to deal with the interferon-dependent suppression 
of viral replication. Specific manipulations of the THOV ge- 
nome should allow to assign such functions to defined viral 
genes. 

We recently succeeded in generating THOV-like particles 
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(24). In this system, synthesis of the six structural THOV pro- 
teins together with a model minigenome RNA was sufficient 
for the formation of functional vRNPs and assembly of infec- 
tious virus-like particles. Here, we modified this system by 
expressing all six genomic vRNA segments from RNA poly- 
merase I-driven expression plasmids instead of the model 
minigenome. This modification allowed us to rescue infec- 
tious recombinant THOV (recTHOV) entirely from cloned 
cDNAs. 

MATERIALS AND METHODS 

Plasmid constructs. The structural proteins of THOV were produced from the 
expression vectors pG7.PB2, pBS-PBl, pBS-PA, pBS-GP, pG7-NfP, and pBS-M, 
all under the control of the T7 RNA polymerase promoter, as described previ- 
ously (24, 27). These cDNA plasmids were used as templates to generate RNA 
polymerase 1 constructs for the expression of the full-length genomic segments of 
THOV. The cDNAs were amplified by PGR using primers containing BsmBl 
restriction sites and sequences corresponding to the 3' and 5' noncoding se- 
quences of the genomic segments (all accession numbers are from GenBank): 
segment 1, nucleotides (nt) 1 to 14 and 2325 to 2375 (accession no, Y 1 7873); 
segment 2, nt 1 to 25 and 2159 to 2212 (accession no. AF004985); segment 3, nt 
1 to 20 and 1890 to 1927 (accession no. AF006073); segment 4, nt 1 to 15 and 
1555 to 1574 (accession no. M77280); segment 5, nt 1 to 20 and 1386 to 1418 
(accession no. X96872); and segment 6, nt 1 to 20 and 937 to 956 (accession no. 
AF236794). The sequences of the primers will be provided on request. The PGR 
products were digested with BjrmBI and inserted into the BsniBl site of pHH21 
between the human RNA polymerase I promoter and terminator regions (kindly 
provided by Gerd Hobom, Justus Uebig University, Giessen, Germany) (14), 
yielding pHH21-vPB2, pHH2I-vPBl, pHH21-vPA, pHH21-vGP, pHH21-vNP, 
and pHH21-vM. To introduce silent mutations into thc cDNA of pHH21-vGP 
and pHH21-vNP, we amplified two overlapping cDNA fragments with a common 
Kpnl otNsH site, respectively. For the PGR, we combined primer S4/Pstl (H45; 
nt 1273 to 1310) (5' CTCTGGTACCCTTCTGCAGCCGAAGTGGATTTTAG 
GGG 3') and the reverse -sense counterpart (H46; nt 1263 to 1286) with the 
primers coding for the noncoding regions of segment 4 and primer S5/Ctal (H41; 
nt 631 to 660) (5' GGAAATCGATCGTCGGGCACCTCAAGCGCC 3') and 
the reverse-sense counterpart (H42; nt 61 1 to 645) with the primers coding for 
the noncoding regions of segment 5. These internal primers introduced a unique 
Pstl restriction site into the segment 4 cDNA at position 1290 and a second C/al 
restriction site into segment 5 cDNA at position 637. The PGR products were 
digested with BsmBl/Kpnl for segment 4 and BsmBVNsil for segment 5 and 
inserted into pHH21 in a three-molecule ligation reaction. The sequences of all 
PCR-derived cDNA constructs were confirmed by sequencing. 

Cells, viruses, and antibodies. Cells were maintained in Dulbecco's modified 
Eagle medium (DMEM) supplemented with 10% fetal calf scrum and antibiot- 
ics. We used 293T human embryonic kidney cells for transfection and African 
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green monkey kidney (Vera) cells and BHK-21 cells for the cultivation of the 
viruses. 

Thogoto virus strain SiArl26 (wild-type THOV) (I) was used as a control. The 
recombinant MVA-T7 vaccinia virus expressing the T7 RNA polymerase was 
kindly provided by Gerd Sutter (GSF, Neuherberg, Germany) (22). 

A polyclonal hypcrimmunizcd guinea pig antiserum directed against THOV 
proteins (kindly provided by P. A. Nuttall, NERC Institute of Virology and 
Environmental Microbiology, Oxford, United Kingdom) (9) was used for the 
neutralization experiments. 

Generation of recTHOV. A monolayer of 293T cells (10*^ cells in 35-mm- 
diameler dishes) was infected with 10 PFU of MVA-T7 per cell for 1 h at 37*'C. 
Then, the cells were transfected with the T7 expression plasmids and the RNA 
polymerase I expression plasmids with LipofeclAMINE 2000 (Gibco BRL). The 
12 plasmids were used in the following quantities: 500 ng of pG7-PB2, 500 ng of 
pBS-PBI, 500 ng of pBS-PA, 500 ng of pBS-GP, 2.5 p-g of pG7-NP, 250 ng of 
pBS-M, and 500 ng of each pHH21 expression plasmid. After 5 h, the transfec- 
tion solution was replaced with 1 mi of DMEM with 5% fetal calf scrum and 
20 mM HEPES (pH 7.3), and the cells were further incubated at 37^0 for 4 to 
5 days. The supernatant was then collected, cleared from cell debris, and pas- 
saged onto a monolayer of Vero cells (3 X 10'^ in 60-mm-diamctcr dishes). After 
1 h of virus attachment, the inoculum was exchanged for 5 ml of DMEM with 5% 
fetal .calf serum and 20 mM HEPES (pH 7.3), and the cells were further incu- 
bated for 5 days or until a cytopathic eflFect was visible. recTHOV present in the 
supernatant was subjected to plaque purification on Vero cells. 

Genetic analysis of recTHOV. To detect the silent mutations introduced into 
segments 4 and 5, the supcrnatants of Vero cells (10'' cells in a 35-mm-diamcter 
dish) infected with wild-type THOV or recTHOV were used to isolate vRNAs 
from polyethylene glycol-prccipitated virus particles. A total of 1.25 ml of su- 
pernatant was mixed with 250 \x\ of polyethylene glycol 8000 (40% in 2.5 M 
NaCl). The mixture was incubated for 30 min on ice and then spun down in a 
microcentrifuge at 15,000 X g for 20 min. The pellets were resuspended in 200 
^l1 of a solution containing 10 mM Tris (pH 7.5), 10 mM KCl, 1.5 mM MgCU, and 
0.3% sodium dodecyl sulfate. A total of 200 \l\ phenol -chloroform-isoamyl al- 
cohol (25:24:1) was added, and the samples were incubated at 56*0 for 10 min 
with occasional mixing. The RNA was precipitated from the aqueous phase with 
cthanol. vRNAs were reverse transcribed using primer H66 (nt 481 to 500) for 
segment 4 and primer H71 (nt 467 and 486) for segment 5, and the cDNAs were 
then amplified by PGR with primers specific for segment 4 (nt 481 to 500 and 
1536 to 1574) and segment 5 (nt 467 to 486 and 1373 to 1418). The reverse 
transcriptase (RT)-PCR products were analyzed for the presence of the novel 
restriction sites by digestion of the PGR products of segment 4 with Pst\ and the 
PGR products of segment 5 with Cla\. 

Growth properties and virus plaque assay. To determine the growth charac- 
teristics of recTHOV, the viruses of two independent transfcction experiments 
were plaque purified and used to prepare virus stocks on Vero cells. In parallel, 
virus stocks of wild-type THOV were prepared from plaque-purified viruses. 
BHK cells in 25-cm^ flasks were infected with these plaque-purified wild-type 
and recTHOV isolates at a multiplicity of infection of 0.01 PFU per cell and 
incubated at 37°C. At different time points, the supcrnatants were assayed for 
infectious virus by titration on Vero cells. The virus titers were calculated as 
reciprocals of the 50% tissue culture infective dose per ml. For plaque assays, 
monolayers of Vero cells in six-well macroplaies (35 mm) were infected with 
about 100 PFU of THOV. For plaque reduction assays, the viruses were incu- 
bated on ice with a partially neutralizing solution of guinea pig antiserum for 
60 min prior to infection. After incubation at ^TC for 1 h, the virus inoculum was 
removed, and medium containing 2% fetal calf serum, 20 mM HEPES (pH 7.3), 
0.4% Noble agar, and 0.002% DEAE-dextran was added. After incubation at 
37*0 for 4 days, the agar overlay was removed, and the cells were stained with a 
solution of 1% crystal violet, 3.6% formaldehyde, 1% methanol, and 20% eth- 
anol. 



RESULTS AND DISCUSSION 

Rescue of infectious recTHOV, To generate recTHOV, we 
cotransfected the full set of the six RNA polymerase I con- 
structs encoding the six individual viral genomic RNA seg- 
ments in negative-sense orientation together with the six T7 
expression plasmids encoding the THOV structural proteins 
into 293T cells which were infected with MVA-T7 (Fig. 1). 
Infection with the attenuated recombinant vaccinia virus 
MVA-T7 (22) provided the bacteriophage T7 RNA polymer- 
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FIG. 1. Reverse genetics system for the generation of recTHOV. 
Twelve plasmids were transfected into MVA-T7-infected 293T cells. 
The six genomic negative-sense RNA segments were produced from 
expression plasmids containing the human RNA polymerase I pro- 
moter (Poli-Seg, 1 to 6). The six structural proteins of THOV were 
synthesized from expression plasmids under the control of the T7 
promoter; the T7 RNA polymerase was provided by a recombinant 
vaccinia virus, MVA-T7. Infectious recTHOV was generated and re- 
leased into the cell supernatant. 



ase necessary to synthesize the structural proteins of THOV. 
MVA-T7 infection did not cause cytopathic effects, and no 
progeny vaccinia viruses were produced. After 4 days, the su- 
pernatants of the transfected cells were passaged onto Vero 
ceils known to be highly permissive for THOV (6). Plaque 
formation on Vero cells revealed that we were able to rescue 
recTHOV in most transfection experiments. 

To monitor the time course of recTHOV production, ali- 
quots of the supcrnatants of the transfected cells were removed 
every 24 h and titrated for infectivity. Table 1 summarizes the 
results of these experiments. Transfection of the full set of 12 
plasmids into 10* cells yielded recTHOV between 48 and 96 h 
(Table 1, experiments 1 and 3). In most experiments, the initial 
titers of recombinant virus increased up to lO'' PFXJ/ml, prob- 
ably due to amplification of newly formed recombinant vi- 
ruses in the 293T cell culture; whereas in some experiments, no 
infectious virus could be detected (Table 1, experiment 2). 

In principle, synthesis of the three subunits of the vRNA 
polymerase and the nucleoprotein together with the genomic 
vRNAs should be sufficient to generate recombinant viruses, as 
has been demonstrated for FLUAV (5, 14). This would allow 
the omission of the T7 expression constructs coding for GP and 
M from the set of transfected plasmids. We attempted to 
rescue recTHOV by omitting the T7 expression plasmid coding 
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TABLE 1. Generation of recTHOV, following plasmid 
transfection of 293T cells 



Virus titers in culture supernatant (PFU/ml) in expt^: 
uansfccti^n 1 (complete) 2 (complete) 3 (complete) 4 (-T7/M) 5 (-T7/M) 



Hours 
after plasmid 



24 
48 
72 
96 
120 
144 
172 



0 
10 

1.1 X 10'' 
1 X lO'* 
1.5 X 10' 
7.5 X 10' 
5x 10' 



0 
0 
0 

90 
2.4 X 10^ 

4.4 X 10^ 

1.5 X 10^ 



0 
0 
0 
1 

2.4 X 10^ 



3 X lO-'* 8.7 X 10** 
4.6 X 10^ 2 X 10' 



" 293T cells were transfcctcd with the full set of 12 expression plasmids (com- 
plete) or with all plasmids except the M-encoding helper plasmid (-T7/M). At 
different time points, the virus titer of the culture supcrnatants was dctcrmmcd. 

for M, This also led to the formation of progeny (Table 1, ex- 
periments 4 and 5). Similarly, we were able to recover recTHOV 
by using only the four expression plasmids coding for the three 
polymerase subunits and NP (data not shown). 

In the rescue system described here, two established proto- 
cols for the rescue of negative-strand RNA viruses were com- 
bined. The T7 RNA polymerase was used to produce the 
required viral proteins in high quantities. The cellular RNA 
polymerase I expression system was used to provide vRNA 
molecules with the correct 3' and 5' ends of the authentic viral 
genome segments, as described for the rescue of FLUAV (5, 
14). It should be noted that recTHOV was rescued from RNA 
polymerase I expression plasmids producing negative-sense 



vRNAs. This is in contrast to earlier studies describing the 
recovery of recombinant negative-strand RNA viruses using 
positive-sense, antigenomic RNAs (3, 19, 20, 21). In these 
studies, expression of positive-sense antigenomic RNAs was 
chosen to avoid any risks of hybridization with the mRNA 
transcripts coding for the support proteins. In our rescue sys- 
tem, formation of such double-stranded RNA species was pre- 
sumably prevented by physically separating the synthesis of 
mRNA transcripts from that of vRNA transcripts within the 
cytoplasmic and nuclear compartments. Recently published 
systems to generate recombinant FLUAV used nuclear RNA 
polymerase I to express the vRNA segments and nuclear RNA 
polymerase II to produce mRNAs (5, 8, 14), suggesting that, at 
least for FLUAV, the simultaneous expression of positive- 
sense mRNA and negative-sense vRNA species in the same 
cellular compartment was not a problem for the rescue of 
recombinant viruses. 

Identification of the genetically tagged recTHOV. To prove 
that the rescued virus was derived from the transfected cDNAs 
and did not represent a laboratory contamination, we intro- 
duced silent mutations into the cDNAs encoding segments 4 
and 5. The altered nucleotide sequences resulted in a new Pstl 
restriction site in segment 4 and a second Clal restriction site 
in segment 5. In both cases, the amino acid sequence of the 
encoded viral proteins was not altered. To identify the silent 
mutations, recTHOV obtained after transfection of the 12 
plasmids was plaque purified and propagated on Vero cells. 



Segment 4 
wt rec -S4 




^ 1115 bp 



' 0 Pstl" 0 Pstl' 



Q Segment 5 
wt rec -S4 



^ 974 bp 



I 1115 bp 
I 810 bp 



309 bp 




1 2 3 4 1 2 3 4 

FIG 2 recTHOV carries genetic markers. vRNA was isolated from virus particles obtained from supcrnatants of recTHOV-infected (rec) or 
wild-type THOV-infected (wt) cells. As a control, supcrnatants of Vero cells treated with the supcrnatants of 293T cells which had been transfected 
with plasmids for all vRNA segments except segment 4 (-S4) were used for RNA isolation. Segment 4 (A and B) and segment 5 (C and D) genomic 
vRNAs were detected by RT-PCR with primers that allow the amplification of a 1,115-bp segment 4 fragment (position 481 to 1574) and a 974-bp 
segment 5 fragment (position 467 to 1418). RT-PCRs without RT enzyme (-RT) were used as controls. The presence of the newly created /'^/I 
site in the cDNA of segment 4 (B) and of the additional Clal restriction site in the cDNA of segment 5 (D) of the recTHOV was determined by 
restriction analysis of the RT-PCR products. The products were analyzed by agarose gel electrophoresis in the presence of ethidium bromide. The 
molecular sizes of the fragments are indicated at the right. 
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FIG. 3. Growth characteristics of recTHOV. (A) Growth curves of 
recTHOV and wild-type THOV. BHK cells were infected with plaque- 
purified isolates of THOV at a multiplicity of infection of 0.01 PFU per 
cell. At the indicated times after infection, the virus titer in the super- 
natant was determined. wild-type isolate 1; ■, wild-type isolate 2; A, 
recTHOV isolate 1; A, recTHOV isolate 2. (B) Plaque formation of 
recTHOV. Vero cell monolayers were infected with about 100 PFU of 
recTHOV or wild-type THOV and incubated under soft agar. For 
neutralization, 100 PFU of wild-type THOV or recTHOV was prein- 
cubated with a guinea pig antiserum directed against THOV for 60 min 
before infection of Vero cells. After 4 days, cells were fixed and stained 
with crystal violet. 



The progeny virus was harvested from the cell supernatant, 
and genomic RNA was extracted. The vRNA preparation was 
used to amplify short cDNA fragments by RT-PCR using prim- 
ers specific for segments 4 and 5. In parallel, the same protocol 
was applied to wild-type virus. Analysis of the RT-PCR prod- 
ucts by agarose gel electrophoresis revealed cDNA fragments 
of the expected sizes of 1,115 and 974 bp for segments 4 and 5, 
respectively (Fig. 2A and C, lanes 1 and 3). Amplification of 
the same vRNA samples without the RT step failed to produce 
positive signals (Fig, 2A and C, lanes 2 and 4), excluding the 
presence of cDNA contaminations in the vRNA preparations. 
As a further control, cells were transfected with the full set of 
expression plasmids except that for vRNA segment 4. The 
supernatant of this transfection experiment was passaged onto 
Vero cells, and the resulting supernatant was treated exactly as 
described for the isolation of vRNA from virus-infected cells. 
Analysis of this RNA preparation did not show any signal in 
the RT-PCR (Fig. 2A and C, lanes 5 and 6), as expected. Next, 
the RT-PCR products were incubated with the appropriate 



restriction enzymes. Treatment of the PCR product derived 
from segment 4 of recTHOV with Pstl resulted in two frag- 
ments, whereas only one band, corresponding to the uncleaved 
PCR product, was detected in the case of wild-type THOV 
(Fig. 2B). Similarly, digestion of the RT-PCR products of seg- 
ment 5 with C/fll revealed the presence of the extra Clal 
restriction site in the cDNA derived from recTHOV but not 
that from wild-type THOV (Fig. 2D). These results demon- 
strate that the rescued virus was a true recombinant virus 
derived from the transfected cDNAs, 

Characterization of recTHOV. We compared the growth 
properties of the rescued virus with that of wild-type THOV in 
BHK cells (Fig, 3A). Wild-type THOV and recTHOV from 
two independent transfection experiments were plaque puri- 
fied. Stocks derived from these purified viruses were used to 
infect BHK cells. Yields of progeny viruses in the culture 
supernatants were determined at different time points postin- 
fection. The recTHOV isolates and the wild-type viruses pro- 
duced titers of about 4 X 10^ to 8 x 10'^ 50% tissue culture 
infective doses per ml of the culture supernatant at 32 h postin- 
fection. Clearly, recTHOV did not differ appreciably from 
the wild-type virus in either growth rate or the maximal titer 
reached. 

To further characterize the rescued virus, we performed 
plaque assays on Vero cell monolayers. As shown in Fig. 3B, 
the plaque size of wild-type and recTHOV was approximately 
equal, again indicating that the two viruses had comparable 
growth characteristics. We further compared the neutralizing 
capacity of a polyclonal antiserum directed against THOV by 
preincubating about 100 PFU of recTHOV or wild-type 
THOV with the antibody before testing for infectivity by 
plaque assay. The antiserum was used at a dilution to allow 
some breakthrough of the viruses. Growth of both viruses was 
reduced to a similar degree, indicating that recTHOV and 
wild-type THOV are antigenically identical (Fig. 3B). 

In summary, we have established an efficient system for the 
rescue of recTHOV entirely from cDNA without the need of a 
homologous helper virus. Our system combines the strong T7- 
driven synthesis of the viral structural proteins with the RNA 
polymerase I-dependent expression of the six genomic RNA 
segments. The recovered recTHOV showed properties similar 
to that of authentic wild-type THOV. Therefore, THOV is the 
second orthomyxovirus for which a reverse genetics system is 
now available. This system will allow the study of THOV- 
specific aspects of the orthomyxovirus life cycle by observing 
the effects of specific mutations in the viral genome. It can be 
used to study open questions of the biology of THOV: the 
importance of the baculovirus-like GP of THOVs for the host 
change between mammals and ticks or the influenza C virus- 
like coding strategy of the THOV M (10). In addition, ques- 
tions about virally encoded activities like the NS2/NEP-depen- 
dent nuclear export pathway or the M2 ion channel activity, 
which are essential for FLUAV multiplication but seem to be 
dispensable for THOV, can now be studied in the context of 
recTHOV. 
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We describe here the development of a reverse genetics system for the phlebovirus Uukuniemi virus, a 
member of the Bunyaviridae family, by using RNA polymerase I (pol I)-mediated transcription. Complementary 
DNAs containing the coding sequence for either chloramphenicol acetyl transferase (CAT) or green fluorescent 
protein (GFP) (both in antisense orientation) were flanked by the 5'- and 3'-terminal untranslated regions of 
the Uukuniemi virus sense or complementary RNA derived from the medium-sized (M) RNA segment. This 
chimeric cDNA (pol I expression cassette) was cloned between the murine pol I promoter and terminator and 
the plasmid transfected into BHK-21 cells. When such cells were either superinfected with Uukuniemi virus or 
cotransfected with expression plasmids encoding the L (RNA polymerase), N (nucleoprotein), and NSs (non- 
structural protein) viral proteins, strong CAT activity or GFP expression was observed. CAT activity was con- 
sistently stronger in cells expressing L plus N than following superinfection. No activity was seen without 
superinfection, nor was activity detected when either the L or N expression plasmid was omitted. Omitting NSs 
expression had no effect on CAT activity or GFP expression, indicating that this protein is not needed for viral 
RNA replication or transcription. CAT activity could be serially passaged to fresh cultures by transferring 
medium from CAT-expressing cells, indicating that recombinant virus containing the reporter construct had 
been produced. In summary, we demonstrate that the RNA pol I system, originally developed for influenza 
virus, which replicates in the nucleus, has strong potential for the development of an efficient reverse genetics 
system also for Bunyaviridae members, which replicate in the cytoplasm. 



The procedures developed during the 1990s to genetically 
manipulate the genomes of negative-strand viruses and to res- 
cue infectious viruses entirely from cloned cDNAs, commonly 
referred to as reverse genetics, have revolutionized the analy- 
ses of viral gene expression and the dissection of cw-acting 
regulatory sequences important for replication and transcrip- 
tion. They have also paved the road for engineering these 
viruses for vaccine and gene therapy purposes (6, 36). The 
ability to rescue infectious viruses from cloned cDNAs has by 
now been well established for nonsegmented, negative-strand 
viruses (Mononegavirales), such as members of the Rhahdoviri- 
dae (22, 41, 48) and Paramyxovlridae (1,5, 18, 19, 35) families. 
The development of similar protocols for manipulating the 
genomes and creating viruses from cloned cDNAs of seg- 
mented, negative-strand viruses, i.e., members of the Ortho- 
myxoviridae, Bunyaviridae, and Arenaviridae families, have 
turned out to be much more difficult. Although the ability to 
manipulate RNA segments of influenza A viruses was devel- 
oped more than a decade ago (10, 25), it was not until last year 
that the first reports on the rescue of infectious influenza A 
virus entirely from cloned cDNAs were published (15, 20, 31, 
32). 

Members of the Bunyaviridae family, which comprises more 
than 300 viruses (28) grouped into the five genera Bunyavirus, 
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Hantavirus, Nairovirus, Phlebovirus, and Tospovirus, are envel- 
oped viruses with a tripartite, single-stranded RNA genome of 
negative polarity. The L segment encodes the RNA-dependent 
RNA polymerase (L), the M segment encodes the two spike 
proteins (Gl and G2) and in some viruses a nonstructural pro- 
tein (NSm), while the S segment encodes the nucleoprotein 
(N) and in some viruses a nonstructural protein (NSs) (8, 40). 
Initiation of transcription of the viral mRNAs is primed by 
short sequences derived from the 5' end of host mRNAs (2, 
40, 43). This cap-snatching mechanism is reminiscent of that 
first described for influenza virus (21), with the important 
difference that cap snatching occurs in the cytoplasm of Bun- 
yaviridae-miQzi^d cells, as opposed to the nucleus in influenza 
virus-infected cells. This is due to the fact that Bunyaviridae 
members replicate exclusively in the cytoplasm. As is the case 
for all negative-strand RNA viruses, the templates for L poly- 
merase-catalyzed replication and transcription of Bunyaviridae 
members are the ribonucleoproteins (RNPs) consisting of the 
full-length positive- or negative-strand RNA segments associ- 
ated with the N protein. 

To date, methods to study the role of cw-acting sequences at 
the 5' and 3' termini of viral RNA (vRNA) segments have 
been developed for Bunyamwera (BUN) virus {Bunyavirus) (7) 
and Rift Valley fever (RVF) virus {Phlebovirus) (24, 34), us- 
ing the now classical T7-vaccinia virus (T7-VV) system (16) to 
express a chloramphenicol acetyltransferase (CAT) reporter 
cDNA flanked by 5' and 3' vRNA ends. An important step was 
taken when Bridgen and Elliott in 1996 (4) were able to rescue 
infectious BUN virus entirely from cloned cDNAs, although 
the procedure was cumbersome and the efficiency of generat- 
ing infectious virus was rather low. 
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TABLE 1. Oligonucleotide primers used to construct plasmids 
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Primer 


Orientation 


Sequence 


Cloning 
product 


RF9 
RF2 


Forward 
Reverse 


aatcgtctci\aggtacacaaagacacggctacatg 

BsmBi 5 * UUK NTR (vRNA) 
hAlCGTCTCdiQGGACACAAAAGACGGCTACC^^GTA 

BsniBi 3'UUKNTR(vRNA) Ncol Gl N-terminus 


pRF7 

(UUKM) 
(vRNA) 


RF33 
RF34 


Forward 
Reverse 


AATGAAGACGGlAGGT/4 CACAAAGA CGGCTA CC^^GA GAA 

Bbsl 5'UUKNTR(cRNA) CAT N-terminus 

kKTGKAGKCki[QGGGACACAAAGACACGGCTACATG 
Bbsl S ' UUK NTR (cRNA) 


pRF19 

(UUKM-CAT) 
(cRNA) 


RFIO 
RF30 


Forward 
Reverse 


AATGGGCdCTCTACGTCTGAGGC 
Apdl pol I promoter 

AATGAAGACrilAGTCTAGAGCTCCCGGGATCCTCGL4<?rCCCCCr.. 

Bbsl Xbal Sad Smal Bamm Xhol 
..ATTCCCCATCCC 

5 UUK NTR (vRNA) 


pRF20 

(UUK M-CAT) 
(vRNA) + 
additional 

cleavage sites 


RF5 
RF6 


Forward 
Reverse 


AATGGrcrCl\GACl^CGCCCCGCCCTGCCACT 

BsmBi CATC'terminus 
/^ICKKTlGGGTCTCdd^GAGAAAAAAATCACTGG 
Bsal CAT N-terminus 


pRF33 

CUUKM-CAT) 
(vRNA) 


RFIO 
RF4B 


Forward 
Reverse 


AATGGGCCiCTCTACGTCTGAGGC 
Apdl pol I promoter 

aatgaagactjUgtccccctattccccatc 

Bbsl 5'UUKNTR(vRNA) 


pRF31 

(UUKM-GFP) 
(vRNA) 


RF7B 
RF8 


Forward 
Reverse 


AATCCCGGGAAGACTAi(3ACl^,GTGATGGTGATGGTG 

Bbsl GFP C-terminus 
AATCAATlGCiS^^GTGAGCAAGGGGCG 
Ncol GFP N'terminus 


RF49 
RF50 


Oligolinker 


ctagtcagtcagtHcSc^Sg 
agtcagtca^^g^^g^^cgatc 

Nhel compatible Stop codons Nhel compatible 


pRF33 

(UUK M-CAT) 
(vRNA) 



To look for an alternative approach for developing a reverse 
genetics system for BunyaviridaCy we have turned to the RNA 
polymerase 1 (pol I) expression system, which was recently 
successfully used to rescue infectious influenza virus (15, 31, 
32). This system, originally developed by Hobom and cowork- 
ers (30, 49), has been used to study cw-acting sequences im- 
portant for transcription and replication (14) and to develop a 
procedure for indirect selection of recombinant influenza vi- 
ruses (12). An ambisense strategy to further simplify the pro- 
cedure was recently reported (20). In the pol 1 system, cDNAs 
coding for viral RNA segments, or reporter genes flanked by 
viral sequences, are cloned between the RNA pol I promoter 
and terminator to generate transcripts that have correct 5' and 
3' ends without modifications such as a cap structure and a 
poly(A) tail (12, 49). In the case of influenza virus, these pol I 
transcripts are then replicated and transcribed in the nucleus 
by the necessary viral proteins. Following transport of the 
RNPs to the cytoplasm, infectious particles are assembled by 
budding at the plasma membrane. 

We have adopted the pol 1 system to express reporter genes 
flanked by the 5' and 3' noncoding sequences of the M RNA 
segment of Uukuniemi (UUK) virus, a member of the Phlebo- 
virus genus (28). We have previously characterized extensive- 
ly the molecular and cell biology of UUK virus. Full-length 
cDNAs corresponding to the L (6,423 nucleotides [nt]) (9), M 



(3,229 nt) (38), and S (1,720 nt) (42) segments have been 
constructed, and cDNAs encoding the open reading frames 
(ORFs) for the L, Gl, G2, N, and NSs proteins have been 
derived (9, 26, 37, 44). As the first step toward the generation 
of infectious virus from cloned cDNAs, we show here that the 
pol I system can be used to synthesize chimeric RNA tem- 
plates, which, despite lacking a cap structure and poly(A) tail, 
are transported to the cytoplasm, where they are amplified and 
transcribed by the UUK virus replicase components supplied 
either by superinfection with UUK virus or by expression of 
viral proteins from separate plasmids. The L and N proteins 
were found to be necessary and sufficient for transcription and 
replication, while NSs was completely dispensable. We also 
show that CAT activity could be transferred serially from cul- 
ture to culture by passaging supernatants from transfected and 
superinfected cells. This indicates that the chimeric reporter 
RNA could be packaged into virus particles. Thus, the pol I 
system holds great potential as an effective alternative ap- 
proach for a versatile reverse genetics system for members of 
the Biinyaviridae family. 

MATERIALS AND METHODS 

Cells and Virus. BHK-21 cells (American Type Culture Collection) were 
grown on plastic dishes in Eagle's minimal essential medium (EM EM) supple- 
mented with 10% fetal calf serum (FCS; Life Technologies, Gibco-BRL), 5% 
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RFIO RF5 (RF7B) 




RG. 1. Schematic diagram of the cloning strategy for constructing chimeric UUK virus reporter plasmids. Two PGR fragments one containinc 
the murine pol I promoter and the UUK M vRNA 5' UTR (RF10/4B) and the other containing the CAT (RF5/6) or GFP (RF7B/8) ORF were 
hgated with the \zxgcApa\-Nco\ fragment from plasmid pRF7 containing the UUK M vRNA 3' UTR and the pol I terminator. This gave plasmids 
pRF33 (UUK M-CAT) and pRF31 (UUK M-GFP), Plasmid pRF20 was constructed by inserting multiple cloning sites immediately downstream 
of the UUK M vRNA 5' UTR, using the two PGR fragments RFlO/30 and RF5/6, respectively (see also Materials and Methods) 



ti>'ptose phosphate broth, 2 mM L-glutamine, 100 lU of penicillin/ml, and 100 \x.g 
of streptomycin/ml. The origin and the preparation of stock virus from the 
prototype strain S23 of UUK virus have been described elsewhere (33). The 
stock virus had a titer of 2 X 10^ PFU/ml. Cells were infected with a multiplicity 
of infection (MOI) of about 5 to 10 PFU/cell. 

Construction of plasmids. The PCR primers used for plasmid constructions 
are shown in Table 1. Plasmids designed for expression of UUK virus RNA 
molecules by RNA pol I in vivo carried the rRNA gene (rDNA) promoter region 
(-251 to - 1 relative to the 45S pre-rRNA start point) and the rDNA terminator 
sequence (+571 to +745 relative to the 3' end of the 28S rDNA) derived from 
murine rDNA (49). Between these two elements, UUK virus cDNA constructs 
from the M segment were exactly inserted in antisense orientation for vRNA 
expression (primer RF2/RF9) or in sense orientation for viral complementary 
(cRNA) expression (primer RF33/RF34). For efficient detection of protein ex- 
pression following transcription and replication, the G1/G2 (pi 10) ORF in plas- 
mid pRF7, encoding the full-length UUK virus M RNA (UUK M vRNA) 
segment, was replaced by reporter genes encoding CAT or a modified (en- 
hanced) green fluorescent protein (GFP) (R. Flick and G Hobom, unpublished 
data), using two PCR fragments (primers RF4B/RF10 and RF5/RF6, respec- 
tively) (Fig. 1; Table 1), without changing any of the nucleotides in the 5' and 3' 
untranslated regions (UTRs) of the UUK M segment. This resulted in pRF33 
(UUK-M-CAT-vRNA). pRF31 (UUK-M-GFP-vRNA), or pRF19 (UUK-M- 
CAT-cRNA), respectively. 

RNA pol I transcription plasmids were constructed using pHLl261 (12) or 
pRF42 (Fig. 2) as the basic vector system. After Bsmhl or Bbsl digestion, the 
vector plasmid can incorporate PCR fragments {BsmBl or Bbsl restricted) in an 
oriented way. After transfection into different eukaryotic cell lines, the resulting 
constructs can be transcribed by RNA pol I, generating transcripts without any 
additional nucleotides or with modifications at the 5' or 3' end [e.g., cap structure 
or poIy(A) tail]. 

Qoning constructs were verified either by dideoxy sequencing using an ABI 
PRISM 310 sequenator across the flanking regions and exchanging the central 
segment of the inserted PCR fragment by authentic (i.e., non-PCR-derived) 



DNA, using internally located unique restriction sites, or by sequencing across 
the entire PCR insert. 

To insert the Mazon-Pfizer monkey virus (MPMV) constitutive transport 
element (CTE) sequence, additional cleavage sites {Xho\-BamH\-Sma\{Xma\' 
Sac\-Xha\) were introduced exactly after the translation termination codon of 
the CAT gene in pRF33 using two PCR fragments (fragment 1, primer RFIO/ 
RF30; fragment 2, primer RF5/RF6) and the large Apal/Ncoi fragment from 
pRF7 (Fig. 1). The resulting construct pRF20 was used to insert two different 
forms of CTE sequences (MPMV 250 and MPMV 566; kindly provided by M.-L. 
Hammarskjold, Charlottesville, Va.) in sense and antisense orientations (plas- 
mids pRF35 to pRF38; see also Fig. 8), 

For UUK virus protein expression, cDNAs from the UUK S segment encoding 
the N and NSs proteins, were inserted into the pcDNA3(+) vector (Invitrogen) 
using EcoRV cleavage. This gave rise to plasmids pCMV-UUK-N and pCMV- 
UUK-NSs. For UUK L expression, a Notl fragment from pBSK-UUK-L (kindly 
provided by R. Elliott, Glasgow, United Kingdom) was inserted into the Notl site 
of pcDNA3(+), giving rise to pCMV-UUK-L. 

Transfection and superinfection with UUK virus. Plasmid DNA was trans- 
fected into subconfluent BHK-21 cells (3 x 10** to 6 x 10*^) using 2 to 4 jxg of the 
respective plasmid and 8 to 20 jxl of liposome plus buffer (Upofect AMINE 
PLUS; Life Technologies, Gibco-BRL) mixed in serum-free EMEM and incu- 
bated for 15 min at room temperature. After addition of 12 to 30 ^jlI of liposome 
reagent, incubation was continued for a further 15 min. The cells were incubated 
at 37'C with the DNA-Lipofectamine mixture for 3 to 5 h. To determine the 
efficiency of transfection, plasmid pHL2823, expressing enhanced GFP (EGFP) 
under the cytomegalovirus (CMV) promoter (Flick and Hobom, unpublished), 
was transfected similarly. After further incubation for 20 h in EMEM containing 
10% FCS and 5% tryptose phosphate broth, the transfected cells were washed 
with adsorption medium (EMEM supplemented with 20 mM HEPES and 0.2% 
bovine serum albumin) and superinfected with UUK virus at an MOI of 5 to 10 
PFU/cell. After a 60-min adsorption period, the cells were washed once and 
incubated with adsorption medium for 15 to 30 h. A complete replication cycle 
takes place during this period. 
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pol I promoter ^*^I ^pnl BbsJ pol I terminator 

■t1^-I^JTljS^f^l'lj?--»J l.l JL IL A jtP^B^jMfiCVjtfll 



Bbsl 



RAl^GRCGT^G^CACAAAGACACGGCTAC. . .GTTAGCCGTCTTTGTGTCCC6ccW^^ATT 

'^AASi^GCATccarcrcrTrcTGrGccGArG. . .caatcggcagaaacac^gggggcSg^taa 

primer II 

^6fl-cleavage, 

PCR fragment (JJftjI) insertion 

pol J promoter 



Bbsl 



1 



UUK5'vRNA085nt) UUK r vRPSA (17 nt) pol I terminator 
...GGAGATAGGTACACAAAGACACGGCMC. . >GTTAGCCGTCTTTGTGTCCCCCCCMlC 
„.CCTCTATCChTCTCTTTCTGTGCCGATG , , .CAATCGGCAGAAACACAGGGGGQGTTQ 
N : : M 

expression cassette 



i 



RNA pol I transcription 



UUK 5' vRNA ACACAAAGACACGGCUAC . . . CATGUUAGCCGUCUUUGUGU UUK 3' vRN A 



UUK 5* vRNA [mam»mmsm:^ 



CAT/GFP (antisense) 



J7nt 



1 



UUK3'vRNA 



UUK pol transcription 



UUK 3' mRNA 



CAT/GFP (sense) 



1 



UUK 5' mRNA 



translation 



CAT/GFP expression 

FIG. 2. Schematic diagram of the RNA polymerase I transcription plasmid (pRF42) and the generation of chimeric UUK virus- reporter RNA 
segments. To construct reporter plasmids, PCR-amplified expression cassettes are inserted between the Bbsi sites (shaded boxes) in the RNA pol 
I-dnven expression plasmid pRF42. The cassettes are flanked by the murine RNA pol I promoter (pMl) and terminator (tMl) (shown in bold) 
The system allows for the transcription of any expression cassette by RNA pol I in rodent cell lines. The transcript starts exactly at the first position 
of the expression cassette and terminates at the last position before tMl, generating the correct 5' and 3' termini of the insert. Bbsl recognition 
sites are shaded; primers I and II used to amplify the expression cassette are shown in bold; UUK virus-specific 5' and 3' sequences are in italics 
TAG, complementary to the ATG initiation codon in the reporter cDNA, is underlined. 



CAT assay. Cell extracts were prepared as described by Gorman et al. (17). In 
an initial series, 50 \i\ of each cell lysaie (prepared from 10^* cells in the case of 
cotransfection experiments or from 3x10'* cells in the case of superinfection 
experiments), and depending on the results, serially diluted samples of the 
various cell lysates were mixed with 10 ^il of acetyl coenzyme A (4 mM) and 10 
III of fluorescence-labeled chloramphenicol (boron dtpyrromethane difluoride 



fluorophore substrate; Flash Cat kit; Stratagene) and incubated at 2TC for 2 h. 
For extraction of reaction products, 0.5 ml of ethylacetate was added; after 
centrifugation for 1 min at 15,000 X g, the upper phase containing the reaction 
products was isolated and the solvent was evaporated. The resulting pellet was 
resuspended in 20 fil of ethylacetate, and the reaction products were separated 
by thin-layer chromatography (TLC plates, 20 by 20 cm; Silica Gel 60; Merck) 
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using a solvent mixture (mobile phase) of chloroform and methanol (87:13). 
Finally, the reaction products were visualized by UV illumination, documented 
by photography, and evaluated using WinCam software (Cybertech, Berlin, Ger- 
many) or Quantity One (Bio-Rad). Ratios of activities were calculated based on 
at least three independent sets of serial dilutions of cell lysates down to a level 
of 30 to 50% product formation. 

Indirect immunoHuorescence microscopy. BHK-21 cells grown on coverslips 
were transiently transfected as described above. Five to eight hours after trans- 
fection, the cells were washed with phosphate-buffered saline (PBS), fixed with 
3% paraformaldehyde in PBS for 15 min at room temperature, washed with PBS 
again, quenched with 10 mM glycine for 20 min at room temperature, and finally 
washed with PBS. Depending on the antibodies used, the cells were permeabil- 
ized either with 0.1% Triton X-100 for 30 min or with methanol for 2 min at 
room temperature. Cells were incubated with PBS containing 0.1% bovine serum 
albumin and incubated for 30 min with a monoclonal antibody against the N 
protein (J. Veijola, A. Bergstrom, and R. F. Pettersson, unpublished data) and a 
rabbit polyclonal antiserum against NSs (44). Primary antibodies were visualized 
with tetramethyl rhodamine isothiocyanate-conjugated anti-mouse immunoglob- 
ulin G or fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G 
secondary antibody, washed, and mounted in 50% glycerol containing 50 mM 
Tris-HCI (pH 8.0) and 9.2 mM /7-phenylenediamine. 

To visualize GFP expression, coverslips were immersed in PBS instead of the 
standard mounting solution, and fluorescence was monitored at 48 h after trans- 
fection with expression plasmids pHL2823 (CMV-GFP) and pRF3l (UUK M- 
GFP). Immunofluorescence micrographs were obtained either with an Axiophot 
(Zeiss) or an Eclipse ElOOOM (Nikon) fluorescence microscope. The latter was 
equipped with a Spot charge-coupled device camera (Diagnostic Instruments, 
Inc.). 

Serial passaging of virus-containing supernatants. BHK-21 cells were co- 
transfected with plasmid pRF33 (UUK M-CAT vRNA), together with the L 
(pCMV-UUK-L) and N (pCMV-UUK-N) expression plasmids, foflowed by su- 
perinfection with UUK virus at an MOI of 5 to 10 PFU/cell 20 h later. Cells were 
analyzed for CAT activity 30 h postinfection, and the corresponding supernatants 
were used for virus passaging. Cell debris was removed by centrifugation at 
10,000 rpm (13,000 X g) for 5 min; a 2-ml sample of undiluted supernatant was 
used to infect a dish containing 6 X 10^' BHK-21 cells and incubated for 60 min. 
After a change of medium (EMEM, 10% FCS) and incubation for 24 to 30 h, 
cells and supernatants were treated and passaged another round as described 
above. 

RESULTS 

General strategy of the pol I-driven expression system. Our 

Strategy to develop a reverse genetics system for UUK virus by 
using the RNA pol 1 expression system basically followed the 
one established for influenza virus (12, 13, 14, 30, 31, 32, 49). 
Reporter cDNAs containing the exact ORF for either CAT or 
GFP (in antisense orientation) were flanked either by the 5' 
(185-nt) and 3' (17-nt) ends of the M vRNA segment or by the 
cRNA ends (17 and 185 residues, respectively; only for CAT) 
(Fig. 1 and 2) (38). The CAT and GFP ORFs exactly replaced 
that of pllO, the precursor of Gl and G2 (38, 46), such that no 
extra nucleotides or any other changes were introduced in the 
5' or 3' UTR. These chimeric cDNAs were then cloned into 
plasmid pRF42 (Fig. 2) or pHL1261 (12) between the pro- 
moter and terminator of the murine rDNA gene to generate 
plasmids pRF33 (expressing CAT-M vRNA), pRF31 (GFP-M 
vRNA) (Fig. 1), and pRF19 (CAT-M cRNA). 

In initial control experiments using the pol I CAT-M vRNA 
construct, we observed a weak CAT activity in the absence of 
any viral proteins provided from expression plasmids or super- 
infection. Analysis of the nucleotide sequence upstream of the 
CAT ORF (i.e., within and beyond of the pol I terminator [Fig. 
1]) revealed an AUG codon in frame with the CAT initiator 
AUG with no intervening in-frame stop codon. We assumed 
that a weak cryptic promoter upstream of the AUG was gen- 
erating a transcript that could be translated into an active CAT 
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enzyme. We therefore introduced an oligonucleotide encoding 
translational stop codons in all three ORFs in the Nhel site 
(Fig. 1; Table 1) between the two AUGs, This completely 
abolished the background CAT activity. This modification was 
introduced in the three plasmids pRF19, pRF31, and pRF33. 

Based on the results from the influenza system, pol I-driven 
transcription of the reporter RNAs will initiate and terminate 
exactly at the 5' and 3' of the inserted cDNAs, thus giving rise 
to transcripts with the correct vRNA or cRNA ends (12, 49). 
The nucleotide sequences and the strategy for the synthesis of 
the vRNA sense transcript are shown in Fig. 1 and 2. Following 
transport to the cytoplasm, these pol I transcripts would be 
transcribed and replicated by the necessary viral proteins ei- 
ther expressed from plasmids encoding the individual proteins 
or provided by superinfection with UUK virus. For the syn- 
thesis of viral proteins, plasmids expressing mRNAs for L 
(pCMV-UUK-L), N (pCMV-UUK-N), or NSs (pCMV-UUK- 
NSs) under the CMV promoter were constructed from previ- 
ously cloned cDNAs containing the corresponding ORFs. Im- 
munofluorescence analyses of transfected cells showed that N 
and NSs were efficiently synthesized (data not shown). 

Expression of CAT and GFP from chimeric cDNAs flanked 
by the UUK M vRNA or cRNA 5' and 3' ends. The reporter 
plasmid pRF33 (CAT-M vRNA) or pRF19 (CAT-M cRNA) 
was introduced into BHK-21 cells by liposome-mediated trans- 
fection. Control experiments using a CMV-EGFP expression 
plasmid pHL2823 (Flick and Hobom, unpublished) indicated a 
transfection efficiency of about 20 to 25% (see Fig. 4A). To 
drive replication and transcription of the chimeric RNA, cells 
were either infected with UUK virus 20 to 24 h after transfec- 
tion or cotransfected with expression plasmids encoding L, N, 
and NSs. Some cultures were both cotransfected with the ex- 
pression plasmids and superinfected with virus. As shown in 
Fig. 3, CAT activity was readily detected in lysates from cells 
transfected with pRF33 and superinfected with UUK virus 
(lane 2). Interestingly, CAT activity was about 2.4-fold stronger 
in the lysate from pRF33-transfected cells expressing L, N, and 
NSs from the plasmids (lane 3) than in that from superinfected 
cells (activity arbitrarily set at 100%). Superinfection combined 
with the expression plasmids did not further enhance CAT 
activity (lane 4). 

Very weak CAT activity was observed in cells transfected 
with pRF19 (CAT-M cRNA) and infected with UUK virus 
(Fig. 3, lane 6), while strong activity was evident in cells co- 
transfected with the plasmids expressing the three viral pro- 
teins (lane 7). Again, no enhanced effect was seen if infection 
was combined with transfection of expression plasmids (lane 
8). In the absence of viral superinfection or expression plas- 
mids, no CAT activity was observed in either case (lanes 1 and 
5), showing that regardless of whether synthesis is in sense or 
antisense orientation, the pol I transcript cannot be directly 
translated into CAT (see also Materials and Methods). 

About 5 to 10% of BHK-21 cells transfected with pRF31 
(GFP-M vRNA) and cotransfected with expression plasmids 
were GFP positive (Fig. 4C). The intensity varied between 
ceils, ranging from weak to intense. No GFP-positive cells were 
observed in the absence of expression plasmids (Fig, 4E). As 
mentioned above, about 20 to 25% of the cells were positive 
when GFP was expressed from a plasmid under the CMV 
promoter (Fig. 4A). 
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FIG. 3. CAT activity in BHK-21 cells transfected with pRF33 or pRFl 9 expressing UUK M-CAT RNA chimeras is dependent on UUK virus 
proteins. BHK-21 cells were transfected with plasmids pRF33, producing vRNA sense transcripts (lanes 1 to 4), or pRFI9, producing cRNA sense 
transcripts (lanes 5 to 8). Viral helper proteins were supplied either by cotransfection with plasmids expressing the L (pCMV-UUK-L), N 
(pCMV-UUK-N), and NSs (pCMV-UUK-NSs) proteins (lanes 3 and 7), by superinfection with UUK virus 24 h posttransfection (lanes 2 and 6), 
or by the combination of superinfection and protein expression (lanes 4 and 8). CAT activity was assayed 20 h postinfection (lanes 2 and 6), 20 h 
posttransfection (lanes 3 and 7), or 44 h posttransfection (lanes 4 and 8). As shown by transfection with the reporter plasmids alone (lanes i and 
5), CAT activity was found to be completely dependent on viral protein expression. CAT activity measured from each lysate is expressed as 
percentage of the activity obtained from superinfected cells, which was arbitrarily set at 100 (lane 2). 



Taken together, these results indicated that pol I-transcribed 
reporter RNAs are transported to the cytoplasm, where they 
are transcribed and most likely also replicated by the viral 
polymerase components to yield the desired reporter protein. 

Optimization of reporter gene expression. To find the opti- 
mal conditions for reporter expression, cells were transfected 
with different ratios of the L, N, and NSs expression plasmids. 
As shown in Fig, 5A, the NSs protein was found to be com- 
pletely dispensable for CAT expression, since the same level of 
activity was observed without NSs and in the presence of in- 
creasing amounts of NSs plasmids. The importance of the 
relative levels of L and N expression was also analyzed. No 
activity was observed in the absence of the L (Fig. 5B, control 
lane) or N (Fig. 5Q control lane) plasmid. As shown in Fig. 5B 
and C, the molar ratio between the L and N expression plas- 
mids was not critical. Molar N:L plasmid ratios of 8:1 (Fig. 5B) 
or molar L:N plasmid ratio of 8:1 (Fig. 5C) yielded similar 
levels of CAT activity. Since NSs was not required for CAT 
expression, plasmid pCMV-UUK-NSs was omitted from the 
expression studies described below. 

We next analyzed whether the timing of the transfection of 
the reporter plasmid relative to transfection of the L and N 
expression plasmids (Fig. 6), or virus superinfection (Fig. 7), 
was critical for optimal expression. The protocols used for the 
plasmid transfections are outlined in Fig. 6A. Cells were trans- 



fected simultaneously with the reporter and expression plas- 
mids (transfection I), or the expression plasmids were trans- 
fected 6 h before the reporter plasmid (transfections Ila and 
lib), or vice versa (transfections Ilia and Illb). Cell lysates 
were then analyzed for CAT activity at various time points 
after transfection (Fig. 6B to D). The highest CAT activity was 
recorded in cells at 24 to 48 h following cotransfection with all 
three plasmids (Fig. 68). Somewhat lower activity was also 
observed at 48 h if the two transfections were separated by 6 h 
(Fig. 6C and D). It should be noted that the time points above 
the CAT signals in Fig. 6C and D indicate the time after the 
second transfection (see also the legend to Fig. 6). 

Figure 7 A shows the protocol used for reporter plasmid 
transfection followed by superinfection with UUK virus. The 
reporter plasmid was transfected into cells 32 (transfection I), 
24 (II), or 8 (III) h before superinfection, followed by analysis 
of CAT activity from cell lysates prepared at 16, 24, and 32 h 
postinfection. The highest activity was observed if transfection 
preceded superinfection by 32 h (Fig, 7B), and the weakest was 
seen if the superinfection was done 8 h after transfection (Fig. 
7D). Intermediate activity was observed for the transfection II 
protocol (Fig. 7C). 

Based on these analyses, we have adopted the following 
standard conditions for maximum reporter expression: (i) a 
molar ratio of L and N plasmids of 2:1, (ii) cotransfection of 
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FIG. 4. Immunofluorescence analysis showing that expression of GFP from pRF31 is dependent on UUK virus proteins. (A) BHK-21 cells 
transfected with only pHU823 encoding GFP under the control of the CMV promoter; (B) same cells as in panel A, viewed by regular light 
microscopy; (C) cells cotransfected with the reporter plasmid pRF31 (UUK M-GFP vRNA) and the expression plasmids pCMV-UUK-L and 
pCMV-UUK-N; (D) same cells as m panel C, viewed by light microscopy; (E) cells transfected with pRF31 alone, with GFP expression visualized 
48 h later by fluorescence microscopy; (F) same cells as in panel E, viewed by light miccropscopy. 



the pol I cassette (reporter) plasmid and the L and N expres- 
sion plasmids followed by CAT assay 24 h later, and (iii) 
superinfection with UUK virus 20 to 24 h after transfection 
with the pol I cassette plasmid followed by CAT assay 24 h 
later. 

Effect of CTE sequences on CAT expression. Pol I transcripts 
lack a cap structure and a poly(A) tail. This is also true for the 
chimeric reporter transcripts (12, 49). We initially worried that 
these RNA species would be inefficiently exported from the 
nucleus to the cytoplasm. To analyze if nuclear export could be 
further enhanced, we first inserted additional restriction en- 
zyme cleavage sites (Table 1) into pRF33 (UUK M-CAT) 
exactly between the CAT translation termination codon and 
the UUK M segment 5' UTR, generating plasmid pRF20 (Fig. 
1). We then inserted a longer (MPMV 566) and a shorter 
(MPMV 250) version of the CTE sequence from MPMV into 
pRF20 (Fig. 8). This CTE sequence has been shown to greatly 
enhance export of the intron-containing MPMV RNA from 
the nucleus (3, 11). The CTE sequences were inserted in either 



the sense or the antisense orientation (Fig. 8A). The pol 1 
expression cassette and the L and N expression plasmids were 
cotransfected into BHK-21 cells, and cell lysates were analyzed 
for CAT activity 24 h later. As seen in Fig. 8B, the CTE 
sequence in either orientation had no enhancing effect on the 
reporter gene activity (lanes 4 to 7). The CTE in the antisense 
orientation had a slight inhibitory effect on CAT activity (lanes 
6 and 7), possibly because the stem-loop structure in this ori- 
entation constitutes a relative physical barrier for the RNA 
polymerase; alternatively, the sequence context in the anti- 
sense orientation could interfere with replication or transcrip- 
tion signals in the noncoding region of the UUK virus segment. 
The results also showed that the additional restriction enzyme 
cleavage sites introduced into pRF20 had no disturbing effect 
on CAT expression compared to pRF33 (lanes 2 and 3). 

Generation of recombinant UUK virus. Finally, we analyzed 
whether the chimeric reporter RNA could be packaged into 
infectious virus particles that could be serially passaged to 
fresh cultures. BHK-21 cells were either cotransfected with the 
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N:L:NSs 1:2:0 1:2:0.5 1:2:1 1:2:2 1:2:4 
(molar ratio) 




N:L 16:1 8:1 4:1 2:1 1:1 1:2 1:4 

(molar ratio) 




L:N 16:1 8:1 4:1 2:1 1:1 1:2 1:4 
(molar ratio) 

FIG. 5. Optimization of reporter gene expression by titration of 
UUK L, N, and NSs expression plasmids. (A) Titration of pCMV- 
UUK-NSs, BHK-21 cells (3 X 10^) were cotransfected with constant 
amounts of the reporter plasmid pRF33 (UUK M-CAT vRNA) (1 afi) 
expression plasmids pCMV-UUK-L and pCMV-UUK-N in a molar 
ratio of 2:1, and various amounts of pCMV-UUK-NSs as indicated. A 
sample corresponding to 1/50 of the cell lysate prepared at 20 h 
posttransfection was used for CAT reactions. In the control experi- 
ment (leftmost lane), BHK-21 cells were transfected only with pRF33 
(1 jxg), (B) Titration of pCMV-UUK-N, BHK-21 cells were trans- 
fected with pRF33 (1 M,g) and a constant amount of pCMV-UUK-L 
(2.5 fig) together with various molar amounts of pCMV-UUK-N as 
indicated. CAT activity was determined as for panel A. (C) Titration of 
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reporter plasmid pRF33 (CAT-M vRNA) and the L and N 
expression plasmids or transfected with the reporter plasmid 
alone, followed in both cases by superinfection with UUK virus 
20 h later. The medium was collected 30 h later (i.e., 50 h 
posttransfection) and used to infect new BHK-21 cultures. This 
was repeated for another cycle. From each passage, cell lysates 
were analyzed for CAT activity. As shown in Fig. 9, CAT 
activity was strong in cells transfected with the combination of 
the three plasmids and infected with UUK virus (lane 1). CAT 
activity could be passaged at least twice, although the activity 
was reduced between each passage (lanes 1 to 3). If superin- 
fection was omitted, no CAT activity could be detected upon 
passaging (data not shown), nor could CAT activity be pas- 
saged if cells were transfected only with the reporter plasmid 
followed by superinfection (lanes 4 to 6). 

DISCUSSION 

In this study, we have successfully adopted the RNA pol I 
transcription system (30, 31, 49) for the development of a 
reverse genetics protocol for members of the Bunyaviridae 
family. As a model virus, we used UUK virus, a member of the 
Phlebovirus genus. Reporter cDNAs encoding CAT or GFP 
flanked by the terminal sequences of the UUK M RNA seg- 
ment were transcribed in the cell nucleus by pol I, transported 
to the cytoplasm, and transcribed and amplified by the RNA 
polymerase L in the presence of the nucleoprotein N provided 
either from expression plasmids or by superinfection with 
UUK virus. Our results indicate that expression of the L and N 
proteins alone yielded more efficient reporter expression than 
could be achieved by superinfection and that the nonstructural 
NSs protein was completely dispensable for CAT activity. Fi- 
nally, CAT activity could be serially passaged from culture to 
culture, indicating that the chimeric reporter RNA was pack- 
aged into virions. 

We decided to use the 5' and 3' untranslated sequences 
from the M RNA segment to flank the reporter ORFs, rather 
than those from the L or S segment. In virus-infected BHK-21 
cells, the M RNA segment is synthesized in a twofold molar 
excess over the L RNA and a fourfold excess over the S RNA 
(33), suggesting that the M RNA may possess the strongest 
promoter. In addition, the S RNA is transcribed into two 
subsegmental mRNAs encoding N and NSs using an am- 
bisense strategy (42), which might complicate the use of the 
terminal sequences from this RNA segment. Our previous 
results have indicated that the mRNA transcribed from the M 
segment and translated into pi 10, the G1/G2 precursor, is 
about 100 nt shorter than the M vRNA template (R. Ronn- 
holm and R. Pettersson, unpublished data) due to an as yet 
uncharacterized transcriptional termination signal. To ensure 
proper transcription termination of the reporter mRNAs, we 
therefore included the whole 185-residue-long UTR from the 
5' end of the vRNA (or 3' end of the cRNA, depending on the 



pCMV-UUK-L. BHK-21 cells were transfected with pRF33 (1 ixg) and 
a constant amount of pCMV-UUK-N (0.3 p-g) together with various 
molar amounts of CMV-UUK-L as indicated. To achieve equal trans- 
fection conditions in each experiment, the total transfected DNA was 
adjusted to the same level by adding plasmid pHL2823 (CMV-GFP), 
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FIG. 6. Optimization of time intervals between transfection with reporter plasmid and viral protein-expressing plasmids, and analysis of CAT 
activity. (A) Schematic diagram depicting the timetable for transfection with the RNA pol I expression cassette plasmid (pRF33) and the viral 
expression plasmids (pCMV-UUK-L and pCMV-UUK-N) (solid arrows), as well as the time points for assaying CAT activity (broken arrows). 
Plasmids were either cotransfected (I) or transfected in either order separated by 6 h (II and III). CAT activity was assayed at indicated times after 
the last transfection (set as time zero). (B to D) Analysis of CAT activity from the transfection protocols shown in panel A. To be able to determine 
minor differences in expression levels, cell lysates were diluted 1:50. The number of the experiment (I to III) and time points (hours) when cell 
lysates were harvested are shown above the CAT signals. 



polarity of the construct). Previous work with BUN (7), and 
RVF (34) viruses has shown that the extreme 3' end contains 
sequence elements critical for transcription initiation. 

The fact that pol 1 reporter transcripts are noncapped and 
nonpolyadenylated raised the concern that these RNAs would 
not be efiRciently transported out of the nucleus. In the case of 
influenza virus, the pol I transcripts do not have to exit the 
nucleus, since transcription and replication of vRNAs take 
place in the nucleus. In contrast, Bunyaviridae members repli- 
cate solely in the cytoplasm and the pol I transcripts therefore 
have to be exported from the nucleus. Our results showed that 
these concerns were unfounded, since CAT and GFP activities 
were readily detected. Newly synthesized nuclear RNA species 
rapidly associate with a set of proteins to form RNP structures. 
Some of these proteins contain an export signal and serve as 
export factors that guide the RNPs to and through the nuclear 
pore complex (29). We can only speculate that such an export 
factor(s) binds to our chimeric reporter RNA and facilitates its 
export to the cytoplasm. The CTE of MPMV has been shown 
to stimulate the export of unspliced RNAs from the nucleus (3, 



11). To analyze whether the CTE could further enhance the 
export of pol I transcripts as assayed by increased reporter 
activity, we introduced two CTE variants in the sense or anti- 
sense orientation downstream of the 5' UTR of the CAT-M 
vRNA. These constructs did not enhance CAT expression, 
suggesting either that the CTE does not work in this sequence 
context or that the RNA export is already high enough to allow 
amplification of the reporter RNA by the viral proteins. 

The finding that expression of the L and N proteins was 
more efficient compared to superinfection in stimulating CAT 
activity is interesting. One can only speculate as to the reason 
for this result. For all negative-strand RNA viruses, the tem- 
plate for transcription and replication is an RNP made up of 
the vRNA and the nucleocapsid protein. The formation of 
such RNPs is thus a prerequisite for the polymerase to tran- 
scribe and replicate template RNAs. It is conceivable that in 
virus- infected cells, transcription, replication, and viral protein 
synthesis are compartmentalized in some kind of "virus facto- 
ries" to which the pol I transcripts might not readily have 
access. Thus, the pol I transcripts would have a rather low 
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FIG. 7. Optimization of time intervals between plasmid transfections, superinfection with UUK virus, and analysis of CAT activity. (A) 
Schematic diagram depicting the timetable for (i) cotransfection with the RNA pol I expression cassette plasmid (pRF33) and the two plasmids 
expressing L and N, (ii) superinfection with UUK virus, and (iii) CAT assay. Plasmids were cotransfected either 32 (I), 24 (II), or 8 (III) h before 
superinfection (set as time zero). (B to D) Analysis of CAT activity from the transfection/superinfection protocols shown in panel A. To be able 
to determine minor differences in expression levels, cell lysates were diluted 1:50. The number of the experiment (I to III) and time points when 
cell lysates were harvested are shown above the CAT signals. The time period between transfection and CAT assay is shown in brackets. 



probability of being encapsidated by the N protein. In contrast, 
newly synthesized virion-derived RNAs would immediately as- 
sociate with newly synthesized N protein and thus serve as 
templates for further replication and transcription. In L- and 
N-expressing cells, such competition and spatial constraints 
would not exist, resulting in efficient transcription and replica- 
tion of the pol I transcripts. In addition, it is also likely that 
rather few pol I transcripts reach the cytoplasm and that they 
are simply outcompeted by the much more efficient vRNA 
synthesis. 

In the experiments described here, we used the murine pol 
I promoter/terminator sequences to express the reporter con- 
structs in BHK-21 cells. Although a transfection rate of 20 to 
25% was regularly achieved, the use of the human pol I pro- 
moter and highly transfectable human embryonic kidney cells 



(293T) (20, 31, 32) has the potential to further increase the 
efficiency of reporter expression. 

The function of the S RNA segment-derived NSs protein has 
remained elusive. We found that NSs was not required for 
CAT activity. Previous work with a natural mutant of RVF 
virus (clone 13), which has a large internal in-frame deletion in 
the NSs gene, has shown that it replicates normally in some cell 
lines while establishing abortive infections in others, and that it 
is avirulent in mice and hamsters (27, 47). Using an in vitro 
transcription-replication system, it was recently shown that NSs 
of RVF virus had neither a stimulatory nor an inhibitory effect 
on transcription (24, 34). Finally, NSs has similarly been shown 
not to be required for the transcription of BUN virus RNAs 
(7). Recently, an NSs deletion mutant of BUN virus was made 
by using a reverse genetics system (A. Bridgen, J. K. Fazaker- 
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FIG. 9. Analysis of CAT activity in BHK-21 cells after serial pas- 
sages of supernatants containing recombinant UUK virus. BHK-21 
cells were cotransfected either with pRF33 and UUK L and N expres- 
sion plasmids (lane 1) or only with pRF33 (lane 4) 24 h prior to 
superinfection with UUK virus (MOl of 10). Cell lysates were pre- 
pared 30 h later and assayed for CAT activity, while the media were 
collected and undiluted samples were transferred to new BHK-21 cells. 
This was repeated for another cycle, and CAT activity was assayed 
after each passage. CAT activities are expressed as percentage of the 
activity obtained after the first transfection/superinfection (lane 1). 

ley, and R. M. Elliott, Abstr. Xlth Int. Congr, Virol., abslr. 
VW47.06, 1999). This mutant grew to somewhat lower titers 
than wild-type virus, had a small-plaque phenotype, displayed 
a reduced shutoff of host cell protein synthesis, and had an 
attenuated pathogenicity when inoculated into mice. Our re- 
sults reported here are thus in conformity with these results 
showing that NSs is not essential for transcription or replica- 
tion in tissue culture cells. 

One important question in regard to our results is whether 
the pol 1 transcript is amplified by replication. Although we 
have not directly quantified RNA synthesis, we argue that the 
observed high expression level of CAT and GFP could not 
have been achieved unless replication had occurred. Immuno- 
fluorescence analysis showed that individual cells displayed a 
very strong GFP signal. Based on our previous experience (13, 
14), the overall level of CAT activity was much higher than that 
obtained in the influenza virus pol 1 system, even compared to 
the most effective influenza virus up-regulation mutant. Fi- 
nally, the fact that extracellular medium from transfected and 
UUK virus-superinfected cells could be used to serially pas- 
sage CAT activity strongly suggests that the pol I transcript 
must have been amplified and packaged. 

A reverse genetics system was developed some years ago for 
BUN virus (4, 7). Using the T7-VV RNA polymerase-driven 
system, full-length L, M, and S antigenome RNA segments 
were expressed from plasmids under the T7 RNA polymerase 
promoter. Correct 3' ends were generated with the hepatitis 8 



ribozyme. All viral proteins were expressed under the T7 pro- 
moter from plasmids encoding L, Gl, G2, NSm, N, and NSs. 
This is to date the only system that has allowed the rescue of an 
infectious Bunyaviridae member entirely from cloned cDNAs 
without the use of the homologous helper virus. Although 
constituting a major advance in Bunyaviridae research, this 
system still suffers from low efficiency and the need to use the 
VV helper to drive expression. 

A reverse genetics system has also been developed for RVF 
virus, which like UUK virus is a phlebovirus (24, 34). In this 
system, the anti sense CAT reporter cDNA was expressed using 
the T7-VV system, while the L and N proteins were supplied 
from VV recombinants. No recombinant RVF virus has been 
reported to have been produced using this system. 

Arenaviruses also contain a segmented (bipartite), negative- 
strand genome (39). Recently, the first report on the develop- 
ment of a reverse genetics system for lymphocytic choriomen- 
ingitis virus was published (23). Although no recombinant virus 
was rescued, it was shown that only the RNA polymerase (L) 
and nucleoprotein (NP) proteins were sufficient to support 
transcription and replication of a CAT reporter flanked by 5'- 
and 3 '-terminal viral sequences. Both the reporter transcript 
and the viral proteins were expressed by using the T7-VV 
system. 

The pol I system offers clear advantages over the VV-based 
reverse genetics systems used for many other negative-strand 
viruses. VV has been used either to direct the synthesis of the 
T7 RNA polymerase (16), which then drives the expression of 
the reporter construct and the viral proteins (1, 5, 18, 19, 22, 

23, 41, 48), or to express the viral helper proteins directly (7, 

24, 34). VV introduces into the cell a number of unwanted 
enzymatic activities, which are avoided by using the pol I sys- 
tem. In addition, there is no need to remove the VV, by phys- 
ical or biochemical means (22, 41, 48), by passaging the virus 
through cells not permissive to VV (4) or by using a variant VV 
(MVA-T7) which does not replicate in mammalian cells (45). 
The pol I system also has the advantage of generating the exact 
5' and 3' ends of the RNA transcripts, thus avoiding the need 
for expressing runoff transcripts from restriction enzyme-cleaved 
plasmids or the use of a ribozyme to produce the correct 3' end. 

The pol I system has recently been successfully developed 
to reconstitute infectious influenza virus entirely from cloned 
cDNAs (15, 20, 31, 32). Our present results suggest that this 
could also be possible for Bunyaviridae members. In analogy to 
the influenza virus protocol, all three full-length RNA seg- 
ments would be expressed from the pol 1 promoter, preferably 
as antigenomes (positive strands) (4, 22, 41), while the L, Gl, 
G2, N, and possibly also the NSs proteins would be expressed 
from plasmids using the CMV promoter. Such a system would 
allow further characterization of cis- and fra/w-acting determi- 
nants important for the regulation of transcription and repli- 
cation, as well as for virus maturation and packaging. It might 
also allow for the generation of genetically altered recombi- 
nant viruses to study structure-function relationships and mo- 
lecular aspects of viral pathogenicity and the engineering of 
effective attenuated vaccines. It also remains to be investigated 
whether this approach is generally applicable to Bunyaviridae 
members other than UUK virus, such as the medically impor- 
tant hanta- and nairoviruses. 
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Wc have performed an extensive mutational analysis of the proposed promoter region of the phlebovirus 
Uukuniemi (UUK), a member of the Bunyaviridae fiunily. This was achieved by using a recently developed RNA 
polymerase I (Pol I)-driven reverse genetics system (R. Flick and R. F. Pettersson, J. Virol. 75:1643-1655, 2001). 
Chimeric cDNAs containing the coding region for the reporter chloramphenicol acetyltransferasc (CAT) in an 
antisense orientation were flanked by the 5'- and 3'-terminal nontranslated regions of the UUK virus-sense 
RNA (vRNA) derived from the medium-sized (M) RNA segment. The chimeric cDNAs (Pol I expression 
cassettes) were cloned between the murine Pol I promoter and terminator, and the plasmids were transfected 
into BHK-21 cells. CAT activity was determined after cotransfection with viral expression plasmids encoding 
the RNA-dependent RNA polymerase (L) and the nucleoprotein (N) or, alternatively, after superinfection with 
UUK virus helper virus. Using oligonucleotide-directed mutagenesis, single point mutations (substitutions, 
deletions, and insertions) were introduced into the viral promoter region. Differences in CAT activities were 
interpreted to reflect the efficiency of niRNA transcription from the mutated promoter and the influence on 
RNA replication. Analysis of 109 mutants allowed us to define two important regulatory regions within the 
proximal promoter region (site A, positions 3 to 5 and 2 to 4; site B, positions 8 and 8, where underlined 
nucleotides refer to positions in the vRNA 3' end). Complenientar>' double nucleotide exchanges in the 
proximal promoter region, which maintained the possibility for base pairing between the 5' and 3' ends, 
demonstrated that nucleotides in the two described regions are essentia! for viral polymerase recognition in a 
base-specific manner. Thus, mere preservation of panhandle base pairing between the 5' and 3' ends is not 
sufficient for promoter activity. In conclusion, wc have been able to demonstrate that both ends of the M RNA 
segment build up the promoter region and arc involved in the specific recognition by the viral polymerase. 



The Bunyaviridae family of arthropod- or rodent-borne vi- 
ruses compri.ses more than 300 viruses (46) cla.ssified into five 
genera, Bunyavims, Hantavirus, Nairovirus, Phlebovirus, and 
Tospovirus. Bunyaviridae members ail share many common 
structural, molecular, and cell biological characteristics. They 
are enveloped viruses containing a tripartite, single-stranded 
RNA genome of negative polarity. The large (L) RNA seg- 
ment encodes the RNA-dependent RNA polymerase (L), the 
medium-sized (M) segment encodes the two surface glycopro- 
teins (Gl and G2) and in some member viruses also a non- 
structural protein (NS^^), and the small (S) segment encodes 
the nucleoprotein (N) and in some cases a nonstructural pro- 
tein (NS^) (40). Upon enti-y of the virus into cells, the three 
virion ribonuclcoprotein (RNP) species are released into the 
cytoplasm where the RNP-associated RNA polymerase cata- 
lyzes primary transcription, resulting in the synthesis of the 
individual mRNAs. Once new viral proteins have been trans- 
lated, the virion RNA (vRNA) segments also serve as tem- 
plates for the synthesis of full-length cRNAs, which in turn 
serve as templates for the synthesis of more vRNAs. This 
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replicative cycle is also catalyzed by the viral RNA polymerase 
(40). 

Uukuniemi (UUK) virus (a Phlebovirus),\\\\\Qh is nonpatho- 
genic for humans, has for more than three decades been used 
as an excellent model for studying the molecular and cell 
biology of the highly pathogenic members of the Bunyaviridae 
family. Initiation of transcription of the UUK virus-specific 
mRNAs is primed on vRNA templates by short sequences 
derived from the 5' end of host mRNAs (41). This **cap snatch- 
ing" occurs in the cytoplasm (36), and the endonucleolytic 
cleavage of the ho.st mRNA some 10 to 20 bases downstream 
of the 5' cap structure is probably carried out by the L protein, 
as described for other bunyaviruses (I, 16, 19, 20, 22, 45). As 
revealed by electron micro.scopy, the viral RNAs (18) and 
RNPs (35) are circular due to base pairing between comple- 
inentary sequences at the 5' and 3' ends of each segment (6). 
These terminal sequences are conserved between each RNA 
segment and also between members within the same genus (5, 
6). Thus, it is thought that this panhandle structure harbors the 
promoter elements necessary' for initiation of both transcrip- 
tion and replication as well as genome packaging signals. 

Bunyaviridae mRNAs derived from each vRNA segment are 
truncated at the 3' end, due to as yet poorly characterized 
transcription termination signals (40). This means that the 
mRNAs are unable to circularize and thus to serve as tem- 
plates for replication or transcription. Since they do not asso- 
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TABLE I. Oli gonucleotide primers used to insert UUK promoter mutations and for vRNA and c RNA analyses 

Sequence " ~~~ 

Descripiinn 



J. Virol. 



f^TGAAGACCGlGGGACACAAAGACGGCTACCATGG 

^^^^ yUVK NTR (vRNA) 

f^TGfAGACATlAGGTACACAAAGACACGGCTACATGGAAC 

S'UUK NTR (vRNAi 

^TGAJiGACGGlGGCAGACAAAGACCGCTACCATGGAGA 

^^^^ yUUK STR (vIWA) 

^TGAJ^GACATlAGGTACACGAAGACACGGCTACATGGAAC 

^^^^ yUUK NTR tvRK'A} 

CATGGAAGCCATCACAGAC 

CAT ORF 

position 24 5 to 263 lUUK NTR M-CAT (vRNAJ) 

ACGGCTACCATGGAGAAAAAAATC 

iUVK NTR (vRNAi CAT ORF 

position 853 to eji ,uuk NTR M-CAT (vRNAl) 

AAGACGGTGAGCTGGTGA T 

CAT ORF 

position 250 to :'68 (UUK M-CAT [cRNAj) 
GACACGGCTACATGGAACA.IVCAAATA 

yUUK !,'TR tcRI^K^) 
position 855 to 530 (UUK M-CAT IcRNAD 



Wild-type 3' UUK NTR (vRNA) 
Wild-type 5' UUK NTR (vRNA) 
Example of 3' UUK mutation (G2C) 
Example of 5' UUK mutation (A5G) 
PCR primer for amplifying UUK M-CAT vRNA molecules 

Primer for RT of UUK M-CAT vRNA molecules 

PCR primer for amplifying UUK M-CAT cRNA molecules 

Primer for RTof,UUK M-CAT cRNA molecules 



ciatc wall the N protein and llierefore me not packaged into 
virions, the encnpsidmion signal for N protein association is 
also likely to map to the 5'-3' panhandle region, a conclusion 
that has recently also been confirmed experimentally (33, 42). 

The lack of an efficient reverse genetics system for isimya^ 
vindae members has so far precluded the detailed mutational 
dissection of c/^-acting elements in the promoter (panhandle) 
region of the three RNA genome segments. However, durina 
the past few years the first reports have appeared describing 
attempts to develop such systems (4, 29. 37). By using the 
T7-vaccmia virus-based expression system (L5), Bridgen and 

fm?Kn'^^'''''^''''* -"^y^^^"^ Bunvamwera 

(bUN) virus {Bunyavirus) that allowed the rescue of infectious 
BUN virus entirely from cloned cDNAs (2). We recently re- 
ported an alternative approach (il) based on the RNA poly- 
merase I (Poi I)-driven expression system initially developed 
for influenza A virus (32, 48). This system allowed us to drive 
the replication and transcription of a reporter cDNA cassette 
(chloramphenicol acetyl transferase [CAT] or green fluores- 
cent protein [GFP]) flanked by the 5' and 3' noniranslated 
sequences from the M RNA segment of UUK virus The tran- 
scription of the reporter cassette, flanked by the murine Pol I 
promoter and terminator, is first carried out in the nucleus by 
RNA Pol I. This results in an uncapped, nonpolyadenylated, 
and nonsphced (Flick and Hobom, unpubh'shed data) RNA 

'^''"'^ ^"^ ^'-terminal sequences 

(b, 4b). After transport to the cytoplasm, the reporter RNA is 
replicated and transcribed by the L and N proteins supplied 
either by superinfection with UUK helper virus or by L- and 
N-expressmg plasmids alone (J 1). 

Here we have utilized the Pol I system to dissect the impor- 
tance of the 5' and 3' nucleotide .sequences of the M RNA 
segrnent of UUK virus for replication and transcription. A 
total of 109 point mutations, deletions, or insertions were in- 
troduced in the putative promoter region and their effects on 
reporter (CAT) expression were determined. The result of 
these extensive mutational analyses identified two crucial sites 



in the panhandle region separated by a short spacer region the 
length of which is critical. 



MATERIALS AND METHODS 
Cells :mtl virns. BHK-21 cells (American Type Culture Collection) were 
grown on pl.sne U.shcs in E.glc-.s miniinal csseniia! medium (EMEM) supnle- 
nienlecl wnh 1,$% fct;.| calf serum (Inviirogcn/Lifc Technologies), 2 niM l- 
gluunmne. I(K» lU of penicillin/ml. and 1(H) ^.g of s,rcp(omycin/ml. The uriehi 
:nid ihc preparation tif slock virus from the proiotvpe slrain S23 of UUK vims 
have heen dcscrit^cd (34). The slock virus had a (iter of 2 x 10^ PFU/ml Cells 
were infecied with a multipliciiy of infection of approximately 5 PFU/cell 

Construction i.f plasmids. Mutations in the 5' and 3' vRNA promoter rcpions 
were generated by using pRFIUS as a basic vector construct. This plasmid 
a>ntams the nbosomal DNA (rDNA) promoter regiun (-251 to - 1 relative to 
ihL -I^S pre-rUNA start point) and the rDNA terminator sequence (+571 to 
+74.-> relative to the .V end of the 2SS rDNA) derived from murine rDNA (4S) 
Between these iwo clemenis is a spacer region Hanked bv Bsmhl and Bbs\ sites 
After restriction by ftrmBI and Bhs\, Bbs\. or //imBI-rcstricied PCR fragments 
can be mseried m an oricntation-spccinc manner. Using primers carrvino the 
promoter smgle point mutations, the template pRF200 (Pol I [murinel UUK 
M-CAT. recently described as pRF3.VI I ) can be PCR amplified, introducing the 
mutations mio the nontranslaled chimeric M-scgmcnl ends. Double substitution 
mutants were constructed by ligation of the large BslWEcom fragment (3.200 
np) from the 3' smgle mutation constructs and the small BsiU/EcoR] fragment 
((i>7 bp) from the 5' single mutation plasmids. 

After iransfcciion into BMK-2I cells, the resulting constructs can be iran- 
senbed by the cellular RNA Pol I, generating RNA transcripts without any 
additional nucleotides or modifications at the 5' or 3' ends (e.g., cap structure. 
poly(A) ta.ll. Consequently, artificial UUK vRNA segments with exchanged 
open reading frames (ORFs) (gl>'coproiein precursor replaced wiih CAT) 
flanked by promoter mutations are produced. 

Whenever PCR was used the sequence of the inserts was checked by dideoxy 
sequencmg with an ABI PRISM3inO sequencer (Applied Biosystems) In cases 
where a central pan of the inserted PCR fragment was exchanged with a nonam- 
phfied fragment derived from previously characterized inserts, only the se- 
quences of the flanking regions were checked. The oligonucleotide primers used 
m the paper arc listed in Table I. 

Transrcciion. Subconflucnt (60 to 80%) BHK-21 cells (3 X 10^) were cotrans- 
fected with plasmids (I ^g) containing promoter mutations and viral expres.sion 
plasmids pCMV UUK-L and pCMV UUK-N (2.4 and 0.3 ^g. respectively) (11) 
by usmg 20 ^1 of liposome Plus buffer (Upofcctaminc PLUS; InvitrogenA-ife 
Icchnolog.cs) mixed in serum-free EMEM. After 15 min. J2 n\ of liposome 
reagent was added and incubation was continued for another 15 min The 
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BHK-21 cells were incubated at with lirbNA-Upiifcciiiminc mixture for 
3 to 5 h. After furl her mcubation for 20 h in EMEM containing 7.5% fetal calf 
scrum, the iransfocicd cells were washed wiih phosphale-bufTercd suiline and 
haf%'cstcd for CAT anal>'sis or used for UUK virus superinfection. To determine 
the cniciency of iransfeciion, the plasmid pHL282X which ainiains an enhanced 
GFP under the cytomegalovirus (CMV) promoter (Flick and Hobom. unpub- 
lished data). WHS similarly iransfccied. 

Superinfection with UUK helper virus. Plasmids containing promoter muta- 
tions were transfected into subconlluenl BHK-21 cells (ft x 10^') by using the 
technique described above, with the following modified amounts of Vcaoents- 4 
Hg of the respective plasmid, 20 ^1 of the liptisome Plus bufter (Lipofectamine 
PLUS: Inviirogen/Life Technologies), and 3(1 jtl of liposome reagent. Twenty 
hours posilransfection the cells were washed with adsorption medium (EMEM 
supplanenicd with 20 mM HEPES and 02% bovine serum albumin) and su- 
perinfccied with UUK virus at a multiplicity of infection of 5 PFU/ccll, After a 
6()-niin adsorption period, the cells were waslied once and incubated with fresh 
adsorptiiin medium for 13 to M) h. A complete replication cvcle occurs durimi 
this period. 

CAT assay. Cell extracts were prepared as described bv Gorman et al ( 17) In 
a hrsi experiment, 50% of each celt l\-saie (prepared from 3 x 10" cells in the 
case of coiransfection experiments and 6 x 10" cells in superinfectitm experi- 
ments) and. depending on the results, serially diluted samples of the various cell 
lysates were mixed with 10 ^1 of acetyl-coenzyme A (4 mM lithium salt: Si^ma) 
and 10 ill of nuoresccnily lalieled chloramphenicol substrate (borondlpvr- 
romethane dilluoridc lluorophore {BODIPY CAM substrate]; Flash CAT kif 
Siratagene) and then incubated at ^TC for 2 h. For extraction of reaction 
products, 0.4 ml of eiiiyl acetate (Merck) was added, and after centrifugal ion for 
I min at l.i,0()0 x j;, the upper pha.se containing the reaction products was 
isolated and the solvent was evaporated. The resulting pellet was resuspended in 
-0 ^1 of ethyl acetate, and the reaction products were .separated by thin-laver 
chromatography (20- by 20-cm plate.s; Silica gel ftO; Merck) usinu a solvint 
mixture of chloroform and methanol (87:13). Finallv. the reaction products were 
visualized by U V illumination, ilocumented by photography, and evaluated usin*> 
Ouantny One soAwa.e (Bio-Rad). Ratios of CAT activities were calculated 
based on at least three independent sets of serial dilutions of cell K-iatcsdown to 
a level of 30 to 5m protlucl formation. The percentages of CAT' activity in the 
hgures rellcct the ratios between product and .substrate relative lo the positive 
eonirol pRF2(}0 (wild- type promoter construct = \mi). 

RT-PCR and scmi»|»an(iti>(ive PCR analysis. BMK-21 cells were transfected 
with prt)moter mulant-coniaining Pol | ca.ssettes ami viral cxpres.sion plasmids 
lo. UUK-L and UUK-N (pCM V UUK-L. pCMV UUK-N) as described before 
( 1 1 ). lotal RNA was isolated (RNeasy mini kit; Oiagen) al 20 h posttransfeciion 
and treated with DNa.sc (Amp grade; Gibco BRL). RNA was quantiialed bv UV 
absoibance (A,,.,/A,.si,) using an Eppendorf Biophotomeier, and I of' total 
RNA was used as template for the reverse transcription (RT) (rTlh kit' Applied 
Btosysiems). Artificial UUK M-CAT cRNA and vRNA molecules were reverse 
transcribed (30 mm. UfC) using oligomicleoiides RF2ftS and RF2ft7 respec- 
tively. Oiig..nucleotides Rri7S „r RFI77. respectively, were added under the 
folhmmg PCR conilitions: I min at 'M^C: 40 cvcles of 3li s at ^UX and M) s at 
(ytn-: and 75 min at HfC, The reaction products (for cRNA amplilicalion a 
Wh-bp Iragmcnt; Ibr vRNA amplilicatii»n. a WlS-bp fragment) were analyzed in 
a \y f agarose (Gibco BRL) horizontal gel conlainimi t).25 jig nf clhidium 
bromide (Gibco BRL) per ml in Tris-borate-EDTA electrophoresis bulfer. doc- 
umented by digital photography, and analyzed using Ouantilv One software 
(Bio-Rad), 



RESULTS 

Genera! strategy for expression of CAT cDNA flanked by 
UUK M vRNA nonlranslated regions (NTRs). The reporter 
plasmid pRF200 (CAT-M vRNA) and all the 109 promoter 
mutant construci.s described below contained the ORF of the 
reporter CAT gene in antisense orientation, flanked by the 5'- 
and 3'-terminal sequences of the UUK virus M vRNA seg- 
ment. Oligonucleotide-directed mutagenesis of the terminal 
sequences was carried out by introducing mutations into PCR 
primers. The chimeric constructs were expressed by using the 
murine Pol I system ( 11 , 32, 48). Plasmids were introduced into 
BHK-21 cells by liposome-mediated transfection. Control ex- 
periments using a CMV-enhanced GFP expression plasmid 



ANALYSIS OF THE ||UNIEMI VIRUS PROMOTER lOSSl 

(PHL2823) (Flick and Hobom, unpublished data) indicated a 
reproducible transfection efficiency of approximately 20 to 
25% (II). To drive transcription and replication of the chi 
mertc RNAs, cells were either infected with UUK virus ^0 to 
24 h after transfection or coiransfecied with expression plas- 
mids encoding viral L and N proteins ( II ). The observed CAT 
activity directly reflects the CAT enzyme concentration, which 
IS dependent on the viral mRNA transcription rate. The latter 
IS in turn dependent on the vRNA promoter activity. There- 
fore, the CAT activity reflects the interaction between the viral 
RNA polymerase and the promoter region and this was used to 
quantify the effect of the introduced promoter mutations on 
the viral promoter activity. To make it easier for the reader to 
assess the effect of the mutations on promoter activity, we have 
used a color code to describe the CAT activity obtained with 
each mutant. Each mutant was given a number, which appears 
Ml the figures showing the quantification of CAT activity (Fis. 
i to 3) and in the summaiT figures (Fig. IE and 4) (see ficure 
legends for further details). 

Mutational analysis of the proximal promoter element- 
identification of two important promoter elements, A and B. In 
the first series of mutants, single point mutations were intro- 
duced mto the proximal promoter region of the UUK virus M 
segment. The 5' and 3' sequences of this region, which encom- 
pass positions I to 10, are completely complementary (see Fig. 
IE, 4, and 6) and are likely to be crucial in the formation of th^'e 
panhandle structure and the circularization of the vRNA and 
cRNA species. Analyses of CAT activity in Ivsates prepared 
from cells expressing these mutants revealed nucleotide posi- 
tions which could be mutated with no or onlv a moderate effect 
on the promoter activity (e.g.. positions 1, 2," 6, 7, 9, and 10 and 
L 5 to 7, 9, and H), where underlined nucleotides refer to 
positions in the vRNA 3' end) and other positions which were 
very sensitive to any kind of modification (positions 3 to 5 and 
8 and 2 to 4 and 8) (Fig. lA to D; summarized in Fig. IE) 
Interestingly, two distinct elements within the proximal pro- 
moter part in the panhandle conformation could be identified 
as important regulaloiy sites (site A, positions 3 to 5 and 2 to 
4; site B, positions 8 and 8) (Fig. 4). These elements are 
separated by a short stretch of nucleotides that are apparently 
not recognized by the viral polymerase in a nucIeotide-.specific 
manner (positions 6 to 7 and 5 to 7). 

To determine if these nucleotides only serve a spacer func- 
tion to position the important promoter elements A and B to 
the correct interaction sites on the viral polymerase, additional 
nucleotides were inserted between positions 5 and 6 into the 5' 
or 3' promoter arms and the new constructs were tested for 
CAT expression. As a result, a substantial difference between 
the insertions into the 5' versus the 3' part of the UUK vRNA 
promoter could be demonstrated (Fig. IE and 2A). Nucleotide 
insertions between positions 5 and 6 at the 5' end completely 
abolished the promoter activity, since no CAT activity could be 
detected, independent of whether an insertion of one or two A 
(pRF25l, pRF252) or U (pRF253, pRF254) residues was in- 
troduced. In contrast, the insertion at the corresponding posi- 
tion at the 3' end of the vRNA resulted in strong remaining 
promoter activity, independent of whether one or Uvo A 
(pRF259. pRF260) or U (pRF257. pRF258) residues were 
inserted. Only insertion of three or five nucleotides between 
positions 5 and 6 dramatically decrea.sed reporter expression in 
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the case of A insertions (pRF266, pRF267) or completely 
abolished piomoter activity in the case of U insertions 
(pRF268 and pRF269) (Fig. IE and 2A). 

The lack of correct inteniction between the viral polymerase 
and the substituted nucleotides could be the result of changing 
the nucleotide sequence or changing base-pairing potential in 
the panhandle. Mutants with complementary double substitu- 
tions with preseived base pairing were therefore generated to 
examine the promoter-abolishing effect of the previous intro- 
duced single point mutations. As shown in Fig. 2B and sum- 
marized in Fig. IE, compIemcntar>' double substitution con- 
structs containing an inactivating single point mutation 



(positions 3 to 5 and 8) resulted in undetectable CAT activity 
(pRF180, pRF220, pRFI78, and pRFi77). Thus, the nature of 
the nucleotide located at a certain promoter position is more 
important than base pairing per sc. All other constructs with 
altered base pairs showed CAT activity comparable to that 
obtained for the single point mutations (positions I, 7, and 9) 
or had slightly decreased CAT expression levels (positions 2 6 
and 10). 

In summary, the mutational analyses of the highly conserved 
proximal promoter region of the UUK virus M vRNA segment 
demonstrate that two important polymerase interaction sites 
(site A and site B) are located within this region. Sites A and 
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B are separated by a stretch of nucleotides which are not 
recognized by the viral polymerase in a nucleotidc-specific 
manner. The distance between sites A and B seems to be 
important only for the 5' part of the promoter, whereas the 3' 
part is less sensitive to nucleotide insertions, suggesting a bind- 
ing mechanism ditfering between vRNA and cRNA molecules. 

Mutational analysis of the bulge region. Nucleotides All 
and CI 2 at the 5' end are not complementary' to bases at the 3' 
end of the UUK M vRNA, while the next 5 nucleotides (which 
we call the distal promoter region) are complementary. Thus, 
these two nucleotides are likely to form a bulge (Fig. IE and 4). 
This bulge constitutes the main difference between the vRNA 
and the cRNA promoter, whereas residues 1 to 10 (proximal 
promoter region) and the distal promoter region at the 5' and 
3' ends of the RNA in both promoter situations consist of fully 
complementary nucleotides (Fig. IE and 4). Therefore, it was 
expected that these bulge structures should play an important 



role for the interaction with the viral RNA polymerase, per- 
haps to discriminate between different RNA species during the 
packaging process as shown for influenza A virus (43). Using 
an oligonucleotide-directed mutagenesis approach, single 
point mutations, including substitutions, deletions, and inser- 
tions, were introduced into this bulge region. Interestingly, 
substitutions maintaining a purine at position 11 (A-to-G sub- 
stitution; pRF145) or a pyrimidine at position 12 (C-to-U sub- 
stitution; pRFZOl) had only minor effects on promoter activity, 
whereas constructs with substitutions of a pyrimidine at posi- 
tion 11 (pRF133, AllU; pRF144, AllC) or of a purine at 
position 12 (pRF198, C12A; pRF199, C12G) gave a slight to 
moderate decrease in CAT activity compared to the wild-type 
promoter construct pRF200 (Fig. IE and 2C). 

The role of the bulge region was also examined by generat- 
ing constructs with insertions and deletions. Surprisingly, de- 
letion of the Al 1 nucleotide (pRFlOS) as well as the deletion 
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of both bulge nucleotides Al I and CI2 (pRFIOJ) had no ellect 
on the promoter activity (Fig. IE and 2C). Furthermore, nu- 
deotide insertions into the 3' part of the vRNA promoter 
opposite to the two bulge nucleotides (between positions K) 
and 11) showed minor effects on promoter activity. This was 
true both in the case of nucleotide insertion with base-pairing 
potential of the bulge nucleotides AI I and CM (pRFI04) and 
in the case of insertion without any base-pairing possibih'ty 
(pRFl95) (Fig. IE and 2C). With the constructs pRFlOl 
(AA11CJ2) and pRF104 (insertion of UG at po.sitions H) and 
U), a UUK promoter sequence was generated that displayed 
no differences between the vRNA and cRNA promoter situa- 
tion. In these mutants, either the bulge nucleotides were de- 
leted or nucleotides complementary to the bulge region were 
inserted, thus generating the possibility for a completely dou- 
ble-stranded promoter region of 15 or 17 bp, respectively. 

In conclusion, the results from the single nucleotide ex- 
change experiments suggest that the bulge region is involved in 



the interaction between the viral polymerase and the promoter 
region. However, there is no nucleotide-specific recognition by 
the viral polymerase. Instead, the type of nucleotide (purine or 
pyrimidine) appears to be important. In contrast, the deletion 
and insertion experiments demonstrated that the unpaired 
bulge nucleotides are not necessary for the transcription and 
replication processes of the UUK minigenomes (Fig. IE, 2C, 
and 4). However, their role in the packaging process has to be 
further analyzed. 

Analysis of the distal promoter element. Similar to the mu- 
tational analysis of the proximal promoter region, the effect of 
single point mutations in the distal promoter element (posi- 
tions 13 to 17 and U to 15) was also analyzed. This was 
followed by an analysis of complementary double substitutions, 
all of which preserved base pairing. The single nucleotide ex- 
changes were chosen so that the interactions bet\\'een the nu- 
cleotides from the 5' promoter arm and the 3' arm within the 
distal promoter element were either weakened, e.g.. 
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Fro. 3, CAT analysis of UUK minigenomcs containing roprescn- 
laltve single point mutations in the proximal promoter clement driven 
by UUK superinfection. BHK-2I cells were transfccted with selected 
minigenomcs containing mutated promoter sequences. At 24 h post- 
transfection cells were superinfccted with UUK helper virus and then 
were harvested at 30 h postinfection and analyzed for CAT expression 
CAT activity measured from each lysate is expressed as the percenia«c 
of the activity obtained from cells transfected with the wild-type pro- 
moter construct pRF200 and superinfccted with helper virus (set at 
100%) (lane 3), 



G— C-<}-U, or destroyed, e,g„ G— -C-^A/C, where " in- 
dicates a strong bond, indicates a weak bond, and Y' 
indicates the absence of a bond. It should be noted that in the 
latter case the cRNA promoter will still carry a week G-U 
bascpair. Furthermore, since the authentic AUG start codon is 
located at positions 18 to 20 (5' end of cRNA), single point 
substitutions were chosen such that the optimal Kozak se- 
quence (23) was not influenced, i.e., keeping a purine at cRNA 
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position 15 (Kozak position -3) and a pyrimidinn 
position 14 (Kozak position -4). ^^NA 

Surprisingly, all of the analyzed single point nuii-ui 
•siructs showed a promoter activity similar to thai of ih" ^T' 
type promoter construct pRF200 (not shown, but sumttvtr* . 
in Fig. IE and 4). This suggests that none of the nucleotides h 
the distal promoter region are recognized bv the viral polymer' 
ase m a nucleotide-specific manner, nor does the base pairin.» 
between the 5' and 3' promoter arms in this region seem to 
play an important role (the A/C situation in the vRNA pro 
moter [pRFlS9, pRFIQO, pRFlS4, pRFlS2 and pRFlS^]). 
CAT expression (not shown, but summarized in Fig. IE) of 
complementary double substitution mutants with preserx'cd 
base pairs between the 5' and 3' promoter arms in the distal 
promoter region was likewise comparable to that of the wild- 
lype promoter (pRFlS7. pRFlSS, pRF203, pRF215, and 
pRF216), demonstrating again that the distal region is not 
recognized by the viral polymerase in a nucleotide-spccitic 
manner. 

Mutational analysis combined with UUK superinfection. To 
demonstrate that the CAT activities determined for the differ- 
ent promoter mutants are not specific to the use of coirans- 
fected plasmids expressing the UUK nucleoprotein (N) and 
the viral polymerase (L), we repeated the analysis with a set of 
selected mutants using UUK superinfection as a source for the 
viral N and L proteins. The mutant constructs selected were 
pRFI20 and pRF169 (wild-t>'pe level of CAT activity), pRF126 
(moderate reduction of CAT activity), pRF123 (strongly re- 
duced CAT activity), and pRF134 (no detectable CAT expres- 
sion). As expected, comparable relative CAT activities were 
observed (Fig. 3), but at a lower level than in the cotransfectins 
experiments, in agreement with our recently published data 

RNA analysis of promoter-inactivating mutations. The in- 
troduced promoter mutations can have effects at different 
stages of the viral life cycle. They can, for example, influence 
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FIG. X Analysis of vRNA and cRNA synthesis bv CAT-nc"aiivc 
promoter mutanls. BHK-2 1 cells were Iransfccied with sclecicd CAT- 
negative promoter mulani constructs and coiransfcctcd with viral ex- 
pression plasmids as shown at the lop. Total RNA was isolated al -"O h 
posttransfection and treated with DNase I to destroy the transfecicd 
pfasm.ds. Subsequently. I ,xg of total RNA was used as a template for 
RT followed by a PCR with UUK-CAT minigcnome-specific oli^o- 
nueleof dcs (sec Table I ). The reaction products (cRNA amphTicalion. 
>0>bp fragment; vRNA amplification, 6t)8-bp fragment) were ana- 
•dm a'" \:r^'' Iiorizonial gel. The upper panel sho^^•s the 

cRNA amplification product, the middle panel shows the vRNA am- 
plification product, and the lower panel shows the vRNA/cRNA ratio 
01 all examined promoter mulani minigcnomcs. 



the ovei-all binding of the viral polymerase to the promoter 
region, or they can afiect the specific interaction with the active 
center of the polymerase. Different polymerase reactions can 
also be mfluenccd by these mutations, e.g.. transcription, rep- 
iication, or cap-snatching or endonucleolytic cleavage. In ad- 
dition, the packaging process may be affected by the altered 
promoter sequence. Furthermore, nucleotide substitutions can 
have different effects on the vRNA and cRNA promoters 
Therefore, we examined vRNA and cRNA levels in BHK-2I 
cells transfected with promoter mutants showing no detectable 
CAT activity. We used a semiquantitative RT-PCR approach 
to examine the vRNA/cRNA ratios for each analyzed single 
pronioter-mactivating mutant. For the RT reaction, the primer 
KF267 was used to start the RT reaction at the .V end of the 
n 1 D^''^^*'^ ^'^^'^ segment and primer RF268 was used for 
I'le RT of minigenome cRNA. For the following PCR ampli- 
hcanon step, RF177 (for vRNA detection) or RF178 (for 
'^^A detection) was used as the reverse primer to amplify a 



608- or 605-bp fragment, respectively. Since the 3' end of (he 
M mRNA has been found to be about 100 nucleotides shorter 
than the fuIMcngth cRNA (R. Ronnholm and R. F. Pettersson 
unpublished data), the primer RF26S was designed such that 
no viral mRNA could be amplified. This ensured that the 
amplification product represented only the cRNA derived 
from the artificial UUK M-CAT segment. 

Control experiments were conducted to exclude any plasmid 
DNA contamination (Fig. 5, lane 1) or any cRNA background 
(Fig. 5, lane 2) by not adding the reverse transcriptase to the 
RT-PCR or by using total RNA from BHK-21 cells transfected 
with only the wild-type promoter construct pRF200 (no co- 
transfected expression plasmids), respectively. As expected, no 
amplification product could be detected after an RT-PCR con- 
trol reaction in the absence of reverse transcriptase, showing 
that no DNA contamination was present (Fig. 5, lane I). Fur"^ 
thermore, the second control experiment analyzing RNA from 
cells transfected only with pRF200 (wild-type promoter), omit- 
ting the two expression plasmids, demonstrated that only 
vRNA molecules could be amplified due to the expressed 
RNA Pol I transcripts, whereas no cRNA could be detected 
(Fig. 5, lane 2). The different levels of vRNA with and without 
cotransfecied viral N and L expression plasmids (lane 2 versus 
lane 3) demonstrate clearly the replication activity 
(vRNA-^^RNA-^vRNA) in our minigenome rescue system. 

The selected mutant constructs that had promoter-abolish- 
ing eftccts were pRFI40 (C4A), pRFlKS (C4U), pRFli9 
(A5U), pRFI56 (A5C). and pRF129 (G4C) (Fig. 1 and 4). As 
expected, the vRNA amplification product was easily detect- 
able for all examined promoter mutanls due to the RNA tran- 
scribed by RNA polymerase I. However, the amount of cRNA 
was much lower than that of the vRNA, as expected for a 
negative-strand RNA virus (30) (Fig. 5, upper panel). To de- 
termine the effect of the introduced promoter mutations on the 
viral replication steps (vRNA-^RNA, cRNA-^vRNA), the 
vRNA/cRNA ratio was determined for the five mutants and 
compared to that derived from the wild-tvpe promoter con- 
struct pRF200. In our system, a vRNA/cRNA ratio of about 
90:10 was obtained for pRF200 (wild-type promoter) in cells 
cotransfected with the pCMV UUK-L and pCMV UUK-N 
expression plasmids (Fig. 5, lower panel, column 3). Surpris- 
ingly, similar levels of cRNA synthesis were detected for all five 
examined promoter mutants compared to the wild-type situa- 
tion, demonstrating that the first replication step 
(vRNA-^RNA) is not severely blocked by the introduced 
mutations (Fig. 5, columns 4 to 8). Furthermore, the vRNA/ 
cRNA ratios, which reflect the effect on both replication steps, 
were in a close range between 90:10 and 85:15 for all examined 
promoter mutants, demonstrating no major influence of the 
nucleotide exchanges on the minigenome replication. 

Thus, we conclude that the reason for the lack of detectable 
CAT activity of some promoter mutants is not the result of 
blocked replication but is rather likely to be due to the inability 
to niitiate and synthesize functional viral mRNA. 

DISCUSSION 

The development of a reverse genetics system for UUK virus 
(11) based on the RNA pol I system (32, 48) has opened up the 
possibility to genetically manipulate this and other members of 
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the Bttnyaviridae h\mi\y. As a firs^pplicalion of this new sys- 
tem, we have introduced a total of 109 mutations into the 
putative promoter region of the M segment and studied their 
effects on the promoter function as determined by analyzing 
the expression of a minigenome encoding CAT. In these anal- 
yses, we have focused on the 5' and 3' ends of the vRNA 
molecule, which we call the 5' and 3' promoter arms, respec- 
tively. The two ends are able to form a stable panhandle struc- 
ture due to base pairing be^veen inverted complementary nu- 
cleotide sequences (5, 6, 18, 39). The two promoter arms are 
thought to regulate replication and transcription as well as the 
association of the vRNA with the N protein to form RNPs. 
Furthermore, they probably contain the putative RNA seg- 
ment packaging signal. 

The results of our mutational analyses can be summarized as 
follows (Fig. 4). Two critical sites, or elements, called A and B, 
were identified in the proximal region of the promoter, which 
comprises the 10 terminal residues of the 5' and 3' ends of the 
vRNA. At the 5' promoter arm, nucleotides at positions 3 to 5 
(site A) and 8 (site B) could not be changed to any other 
residue without abolishing or substantially reducing promoter 
activity. Likewise, mutating residues 2 to 4 (site A) and 8 (site 
B) in the 3' promoter arm drastically reduced activity, although 
some changes at positions 3 and 4 were tolerated. The abol- 
ishing eifect of double mutations in the 5' and 3' arms, which 
preserved base pairing, also underscored the importance of the 
nucleotide sequence at the two sites. The spacing between sites 
A and B (two nucleotides) in the 5' promoter arm was found 
to be critical, as introduction of just a single base abolished 
promoter activity. In contrast, the corresponding spacer region 
(three residues) in the 3' promoter arm tolerated the intro- 
duction of one or two residues without significant loss of ac- 
tivity. Taken together, these results support the notion that the 
sequence of the 5' promoter arm is more critical than that of 
the 3' promoter arm (see below). A surprising finding was that 
the bulge consisting of two unpaired residues at positions II 
and 12 (5' promoter arm) could be deleted, base paired, or 
mutated without loss of activity. However, a purine at position 
1 1 and a pyrimidine at position 12 were still favored in single 
point mutation experiments. Finally, each nucleotide of the 
distal promoter region which has the potential to fully base 
pair could be mutated without lo.ss of activity, even if base pairs 
were destroyed. No experimental proof could be found that 
both RNA segment ends have to be in a panhandle conforma- 
tion to serve as a functional promoter. However, important 
residues for the promoter function, which could function in- 
dependently during the interaction between the viral poiymer- 
a.se and the vRNA or cRNA promoter, are located in each 
promoter arm. 

Our analysis of the UUK M vRNA promoter function is the 
first extensive in vivo mutagenesis study of a Bunyaviridae 
member based on the exchange of all nucleotides within the 
entire promoter region. One previous study on Rift Valley 
fever (RVF) virus focused on the effect of deletions within the 
promoter region (37). Here, recombinant vaccinia viruses pro- 
viding the RVF virus L and N proteins and in vitro synthesized 
T7 runoff transcripts (minigenomes) were u.sed and only tran- 
scription rather than replication and packaging of the minig- 
enomes could be analyzed. The results indicated that the pro- 
moter region between nucleotides 3 and 8, as well as the G 
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residue at position B in the 3' promoter arm of the genome- 
sense RNA (vRNA). was important for transcription initiation 
The former region corresponds to our sites A and B, includinc 
the spacer (residues 2 to S), and the results thus support tht 
conclusion of the importance of this region in phlebovirus 
RNA segments. 

Extensive mutagenesis studies similar to the one reported 
here have during the last decade been carried out with influ- 
enza A virus (9, 10, 14, 21. 25-28, 31, 38, 44). These analyses 
either employed the RNA Pol I-driven reverse genetics system 
used here (32, 48) or a TT-driven system (15). Because of the 
similarities between the ort ho m>'xovi ruses and Bimyovmdcw 
members, it is of interest to compare the results obtained with 
these two virus systems. The first conclusion is that the results 
clearly reveal many common features. Nucleotides important 
for promoter activity are in both cases mainly located at the 5' 
promoter arm. In the case of UUK virus, there were 11 mu- 
tations of nucleotide positions in the 5' promoter sites A and 
B that completely abolished activity, while only two mutations 
at the 3' promoter arm led to no detectable reporter gene 
activity. For influenza virus, the corresponding numbers were 
three mutations in the 5' arm and only one in the 3' arm (10). 
Furthermore, two sites sensitive to single point mutations 
could be defined for the UUK M vRNA promoter, namely site 
A (positions 3 to 5 [5' arm] and 2 to 4 [3' arm]) and site B 
(position 8 [both 5' and 3' arms]) (Fig. IE and 4). Similarly, 
two critical sites were identified in the influenza A virus pro- 
moter: site A (positions 2. 3, and 5 and 2 and 3) and site B 
(positions 7 to 9 and 7 to 9). For both viruses, these important 
sites for promoter activity are separated by a stretch of two to 
three nucleotides, the sequence of which is not critical for the 
recognition by the viral polymerase (Fig. IE) (7). In the case of 
UUK virus, nucleotide insertions between sites A and B dem- 
onstrated that the distance between these sites plays an impor- 
tant role for the 5' promoter arm (Fig. IE and 2B) but much 
less so for the 3' promoter arm. The fact that this promoter 
part is vtvy sensitive to nucleotide changes suggests that the 
viral RNA polymerase interacts veiy specifically with the 5' 
promoter arm. 

Besides positions recognized in a nucleolide-specific manner 
and positions having jusi a .spacer function, the promoter re- 
gion contains nucleotides that can only be replaced by a similar 
type of nucleotide (e.g.. positions 1,2, and 1 1 must be purines 
and position 12 must be a pyrimidine). Again, similarities can 
be found by comparison with influenza A virus (9, 10). 

Therefore, viral polymerases differentiate between the fol- 
lowing three different types of promoter nucleotides: (i) nucle- 
otides that interact in a sensitive and nucleotide-specific man- 
ner, (ii) nucleotides for which being a purine or pyrimidine is 
important, and (iii) a third type of nucleotides which are not 
directly recognized by the viral polymerase but serve a spacer 
function to position the functionally important promoter resi- 
dues for the proper interactions. 

The proximal promoter region (the first 10 nucleotides; Fig. 
4) of the L, M, and S vRNAs of UUK virus is highly conserved 
except at position 9 in the 5' promoter arm. At this position, 
the L segment has a U, whereas the M and S segments have an 
A. This natural variation can be understood based on the result 
of the different CAT expression levels of the single point mu- 
tations at position 9. As expected, the two naturally occurring 
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FIG. 6. Secondary siruciure prcdiciions of the highly consei-ved 
lerminal regions of the genome segments of members of the five 
Bimyavhidae genera and the Ten uivir uses in comparison to the cork- 
screw structure of the influenza A virus vRNA segment promoter. In 
four genera of the Bimyaviridae family, the terminal nucleotides of the 
RNA genome segments (vRNA and cRNA) can theoretically form 
inlrastrand stem-loop structures, referred to as the corkscrew config- 
uration. The model is based on the experimentallv proven promoter 
structure of the influenza A (9, 10. 25. 26) and C (3) viruses and the 
thogoto (24, 47) virus. 



nucleotides showed a similarly high CAT activity (100 and 
97%; Fig. IB and E), whereas an A9C or an A9G substitution 
resulted in decreased CAT activity (70 and 6%; Fig. IB and E). 

Single nucleotide exchanges leading to an increased CAT 
expression (promoter up-mutations) may also help us to un- 
derstand the importance of single nucleotides located in the 
promoter region. The influenza A virus studies revealed sev- 



eral complementary double mutants with an increased level of 
CAT expression (9, 10, 31). However, we found only one UUK 
promoter mutant (A6U) that displayed a 10% higher activity 
(pRF120; Fig. IB and E) than the wild-type construct. Since 
this mutation is located in the spacer region between sites A 
and B (5' arm), no further conclusions can be drawn at this 
point from this result. 

The mutational analysis of the bulge region included single 
nucleotide substitutions as well as insertions and deletions. 
Single point mutations demonstrated that the type of each of 
the two nucleotides in the bulge is important (position 11 is a 
purine and position 12 is a pyrimidine). The insertion of the 
UG nucleotides in the 3' promoter arm opposite to the 5' 
bulge nucleotides (pRF104) generated a fully complementary 
promoter region of 17 bp in the panhandle. This mutant dis- 
played a strong CAT activity (94% compared to the wild-type 
promoter). This is similar to the results obtained for the equiv- 
alent mutations in the influenza A virus promoter (construct 
pHLl 140 in references 7 and 31). However, the deletion of one 
or both bulge nucleotides resulted in no detectable expression 
(7) or strongly decreased reporter gene expression in the in- 
fluenza A virus sludy (43), whereas the UUK promoter could 
tolerate such deletions (Fig. 2C pRFIOl and pRF105). There- 
fore, deletions and insertions revealed that the bulge nucleo- 
tides are less important for the promoter activity than the 
proximal two recognition sites A and B. Since our system only 
allows for an assessment of tlic effect on transcription and 
replication, it cannot be excluded that the bulge nucleotides 
are important for the packaging process, as has been recently 
shown for influenza A virus (43). Further studies including the 
passaging of recombinant UUK viruses lo fresh cell cultures 
with subsequent reporter analysis need to be carried out to 
address this question. 

The mutational analysis of the UUK distal promoter cle- 
ment reveals surprisingly major differences compared to stud- 
ies carried out on the influenza A virus (9, 10) and the RVF 
virus (37) promoter regions. In our UUK study neither single 
point substitutions nor changing of panhandle base pairs 
within the distal promoter element altered the resulting pro- 
moter activity. The distal element of the influenza A promoter, 
on the other hand, plays an important role during the viral 
polymerase interaction, cither as a stabilizing double-stranded 
promoter element (10, 13, 14, 21) or as a regulatory element 
for viral mRNA transcription rates (12). 

Studies with RVF demonstrated that the purine at position 
13 at the 3' promoter branch, which is highly conserved within 
the genus Phkbovims, could not be changed into any other 
nucleotide without completely abolishing reporter gene ex- 
pression (37). The UUK mutational analysis, however, showed 
no effect of any kind of substitution at position □ (pRF184, 
G13A; pRF275. G13U; pRF276, G13C; Fig. IE), suggesting 
that this position is not specifically recognized during the in- 
teraction be^veen the viral polymerase and the UUK mini- 
genome promoter. 

To find out why some single point mutations totally abol- 
ished the promoter activity, we analyzed the synthesis of vRNA 
and cRNA. The point mutations could have affected different 
steps in the replication and transcription processes of the UUK 
minigenomes. The binding of the viral polymerase to the 
vRNA or the cRNA templates could be affected and could 
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thereby affect the eflicioncy of the femplale-dependent tran- 
scription and/or replication steps. Furthermore, the mutations 
could influence the cap-snatching or endonucleolytic cleavage 
and priming processes and thereby affect mRNA synthesis. We 
therefore estimated the amount of vRNA and cRNA in trans- 
fected cells by semiquantitative RT-PCR and calculated the 
vRNA/cRNA ratio. VVc did not attempt to determine the 
amount of mRNA, because the nondetectable levels of CAT 
activity indirectly indicated total absence of functional viral 
mRNAs. The vRNA/cRNA ratio of about 9:1 obtained for the 
wild-type promoter construct was expected, since synthesis of 
cRNA, a replicative intermediate, in most viral systems is sub- 
stantially lower than that of vRNA synthesis. This result was 
similar to that obtained for influenza A virus, where a vRNA/ 
cRNA ratio of 10:1 was demonstrated (30). However, only a 
minor influence on the vRNA/cRNA ratio could be detected 
for the mutants tested. This could mean that the mutations 
primarily affect transcription rather than replication. Further 
experiments will have to be carried out to demonstrate the 
exact mechanism by which the CAT-negative promoter mu- 
tants inhibit the transcription steps within the viral life cycle. 

Based on the studies of the influenza A virus promoter 
elements, a novel corkscrew model was introduced to explain 
the role of the secondary structure of the influenza A virus 
promoter region (S, 9, 10, 25, 26). This model underscores the 
importance of intraslrand stem-loop structures for promoter 
function. Interestingly, nucleotides that are important for the 
promoter activity of influenza virus map within these loop 
parts. The loops presumably facilitate interaction with the viral 
polymera.sc complex (9, 10, 25, 26). Recent studies have con- 
firmed that the corkscrew structure also plays an important 
role for the promoter activity of influenza C viruses (3) and 
thogoto viruses (24, 47). This suggests that the corkscrew is a 
common promoter structure for members of the Onhomyxo- 
virhhic (7). 

Comparison of the promoter sequences of the five genera 
comprising the Bimyavindae family revealed for members of 
four of the genera the possibility for intrastrand stem-loop 
structures within the proximal promoter region (Fig. 6), in 
conformity with the corkscrew model (7). This is also true for 
Tenuiviruses, which share many features common to Bunya- 
virulae. Interestingly, the only exceptions are the phlcbovi- 
ruses, for which no stem-loop structure(s) could be found. Our 
mutagenesis studies do not offer an obvious explanation for 
this unique feature of phleboviruses. Complementary double 
mutations at positions 4 and 8 that allowed for intrastrand base 
pairing and the potential to form a corkscrew configuration 
completely abolished promoter activity (unpublished data). 
Whether the lack of the potential to form a corkscrew config- 
uration reflects an evolutionary divergence or a different mech- 
anism for polymerase-promoter interaction must await further 
experimental analyses. 

The reverse genetics system and the results presented here 
for UUK virus will hopefully be useful as a model for similar 
approaches in studies of the highly pathogenic members of the 
Bunyo virulae fam i ly. 
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The Study of viruses and their interactions with host cells and 
organisms has benefited greatly from the ability to engineer 
specific mutations into viral genomes, a technique known as 
reverse genetics. Genome manipulations of DNA viruses, either 
by transfecting cells with plasmids encoding the viral genome (1) 
or by heterologous recombination of plasmids bearing viral 
sequences with the virus genome (2-4), were the first to be 
performed. Positive-strand RNA virus genome manipulation 
followed quickly, partly because the viral genome is also mRNA 
sense. Simply transfecting plasmids, or RNA transcribed from 
plasmids, containing the poliovirus genome into susceptible cells 
resulted in the recovery of infectious poliovirus (5, 6). The 
negative-strand RNA viruses include a number of human and 
animal pathogens such as influenza A, B, and C viruses, hanta- 
viruses, Lassa virus, rabies virus, Ebola virus, Marburg virus, 
measles virus, canine distemper virus, rinderpest virus, respira- 
tory syncytial virus, mumps virus, human parainfluenza virus 
types 1-4, and Nipah virus (which recently emerged in Malaysia, 
causing respiratory distress and encephalitis in pigs and humans). 
However, the genomes of the negative-strand RNA viruses have 
been less amenable to artificial manipulation for several reasons: 
(/) precise 5' and 3' ends are required for replication and 
packaging of the genomic RNA; (//) the viral RNA polymerase 
is essential for transcribing both mRNA and complementary, 
positive-sense antigenome template RNA; and (//V) both genomic 
and antigenomic RNAs exist as viral ribonucleoprotein (RNP) 
complexes (reviewed in ref. 7). The segmented genomes of 
influenza viruses, bunyaviruses, and arenaviruses allowed some 
genetic manipulation through the isolation of reassortant viruses, 
but manipulation of the complete genome of segmented nega- 
tive-strand RNA viruses has progressed slowly, hampered by the 
very fact that the genome is segmented. 

In this issue of the Proceedings, Neumann and coworkers (8) 
have come full circle on recovering recombinant, segmented 
negative-strand RNA viruses with the production of influenza 
virus entirely from plasmid DNA and driven only by the host 
cell transcription and translation machinery. Coming nearly 10 
years after the first published reports of influenza virus 
genome manipulation (9) and after another Proceedings article 
describing the generation of recombinant bunyaviruses wholly 
from cDNA by using a recombinant vaccinia virus-driven 
system (10), virologists finally have acquired the tools neces- 
sary to perform sophisticated and comprehensive investiga- 
tions of the role of all influenza virus proteins and RNA 
elements in replication and pathogenesis. 

The influenza virus RNPs, upon their release into the 
cytoplasm of an infected cell, enter the cell nucleus, and the 
influenza virus polymerase complex, consisting of the PA, 
FBI, and PB2 proteins, begins to transcribe the genomic RNA 
into mRNA and a positive-sense antigenome RNA that serves 
as the template for the production of genome RNA. Although 
influenza virus was the first negative-strand RNA virus to have 
individual virus genes replaced by artificially manipulated 
segments, the difficulty in dealing with a segmented RNA 
genome, as well as the use of labor-intensive and selection- 
dependent techniques to drive reverse genetics has hindered 
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the application of this technology. Nonetheless, many impor- 
tant discoveries pertaining to individual influenza virus pro- 
teins as well as demonstrating the use of influenza virus to 
serve as a viral expression vector have been obtained by 
application of the existing reverse genetics technology (re- 
viewed in refs. 7 and 11). 

Neumann and coworkers (8) have established a system that 
conscripts the host cell into making the equivalent of newly 
released RNPs by cotransfecting eight plasmids encoding each 
of the influenza virus genomic RNA segments under control 
of the RNA polymerase type I (pol I) promoter and transcrip- 
tion terminator along with four plasmids encoding the poly- 
merase complex proteins and nucleoprotein (NP) cDNAs 
under control of an RNA polymerase type II (pol II) promoter. 
Although the concept of cotransfecting multiple plasmids to 
reconstitute a biochemical activity was pioneered for studying 
herpes virus DNA replication (12), the daunting nature of this 
12-17 plasmid transfection (a likely record for most plasmids 
transfected into one cell) still results in approximately 1 in 
1,000 cells producing infectious virus. The lack of a helper 
influenza virus allows the virus from the initial transfection to 
be characterized immediately, thus limidng the chance of 
viruses containing reversions or second-site mutations from 
becoming significant contaminants. One can only speculate as 
to how quickly our knowledge of influenza virus will progress, 
now that every nucleotide of the viral genome can be mutated 
and engineered back into the genome, in nearly endless 
combinations with other mutations. 

As with most important scienfific advances, the work of 
Neumann and coworkers builds on a large body of experiments 
that have identified the basic requirements for replicating and 
packaging influenza virus RNA segments. The technique used 
first to introduce a new, artificial RNA segment into influenza 
virus (13) and refined subsequently to create influenza viruses 
containing neuraminidase (NA) proteins derived from plas- 
mid cDNAs (9) relied on reconstitution of viral RNPs from in 
v//ro-transcribed RNA and purified nucleocapsid proteins (Fig. 
1). The protein-RNA complex was transfected into cells, 
followed by infection with a helper influenza virus. The 
applicafion of a selection pressure against the helper virus 
facilitates the detection of progeny virus containing the plas- 
mid DNA-derived RNA segment. Although a tour de force of 
molecular biology at the time, the technique requires the 
purification of large amounts of viral nucleocapsid proteins 
and is most efficient when a strong selection pressure can be 
applied against the helper virus. 

The use of pol I transcripts to produce artificial influenza 
virus RNA segments was pioneered by Hobom and colleagues 
(14-16). Unlike the mRNA transcripts produced by pol II, the 
primary RNA transcripts synthesized by pol I are ribosomal 
RNAs that possess neither a 5' cap structure nor a 3' poly (A) 
tail. Zobel and coworkers (16) successfully produced artificial 
influenza virus RNA segments with precise 5' and 3' ends, and 
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Fig. I. Methods used to recover negative-strand RNA viruses from plasmid DNA. Several methodologies have been used to rescue negative-strand 
RNA viruses from plasmid-derived DNA. The initial replacement of individual RNA segments of influenza virus involved either (/) the in vitro 
reconstitution of RNPs or (//") the in vivo assembly of RNPs after transfection of a cell with piasmids that use pol II promoters driving the expression of 
the PA, PBl, PB2, and NP proteins, and pol I promoters and terminators controlling viral genome synthesis. In either case, transfection was followed 
by infection with a helper influenza virus. Nonsegmented negative-strand virus rescue involves the transfection of piasmids encoding the viral P, N, and 
L proteins (and sometimes other viral proteins depending on the virus), as well as the viral antigenome, all under control of the bacteriophage T7 RNAP 
promoter. The T7 RNAP is provided by either infection with w-T7, a recombinant vaccinia virus that expresses T7 RNAP or by transfecting into cell 
lines that stably express the protein. Bunyavirus rescue requires the transfection of piasmids encoding the three RNA segments in the antigenomic sense, 
along with three piasmids encoding the viral proteins, all under control of the T7 RNAP promoter. Influenza virus rescue entirely from plasmid DNA 
involves the transfection of piasmids encoding each of the eight RNA segments (under control of the pol I promoter and terminator) and piasmids encoding 
the four proteins that make up the polymerase complex (under control of the pol II promoter). 



subsequent studies demonstrated that these genomic RNA 
constructs could be recognized and replicated by the influenza 
virus polymerase complex and packaged into progeny influ- 
enza viruses (14, 15). Pleschka and coworkers (17) used this 
technique to replace the viral RNA segment encoding the NA 
glycoprotein with a plasmid-based construct, showing the 
technique could substitute for RNP reconstitution in replacing 
single viral RNA segments. In addition, the artificial pol I 
transcript could be replicated and packaged into RNPs simply 
by cotransfecting piasmids encoding the PA, PBl, PB2, and NP 
proteins (17), shown previously to be the minimal proteins 
required to reconstitute influenza virus polymerase activity 
(18). The system described by Neumann and coworkers (8) 
represents the logical and important culmination of this body 
of work, finally resulting in the ability to manipulate every gene 
in the influenza virus genome. 



Concurrent with efforts to perform reverse genetics with 
influenza virus, techniques to manipulate the genomes of 
nonsegmented negative-strand RNA viruses were being de- 
veloped (reviewed in ref . 19). The task proved quite frustrating 
until Schnell and coworkers (20) made the somewhat coun- 
terintuitive, yet innovative, discovery that cotransfecting pias- 
mids encoding the rabies virus L, P, and N protein cDNAs, as 
well as the viral antigenome, under control of the bacterio- 
phage T7 RNA polymerase (T7 RNAP) promoter, into cells 
infected with a recombinant vaccinia virus expressing the 
bacteriophage T7 RNAP protein (w-T7) (21) resulted in the 
recovery of recombinant rabies virus. The reverse genetics 
technique was quickly adapted by laboratories studying other 
nonsegmented negative-strand RNA viruses, resuhing in the 
rescue of vesicular stomatitis virus (22, 23), measles virus (24), 
respiratory syncytial virus (25), Sendai virus (26, 27), rinder- 
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pest virus (28), human parainfluenza virus 3 (29, 30), simian 
virus 5 (31), and Newcastle disease virus (32). In some of these 
studies, rescue also has been accomplished by using the 
genome sense RNA (27, 30). Some refinements to the original 
technique have been made, such as the use of stably trans- 
fected cell lines expressing the T7 RNAP (in lieu of w-T7 
infection), or one or more of the viral proteins required for 
genome replication (24). 

Several technical aspects of plasmid-based rescue of influ- 
enza virus as described by Neumann and coworkers (8) should 
be explored further. The number of recombinant viruses 
rescued can be increased nearly 10-fold by including plasmids 
encoding the hemagglutinin, NA, Mi, M2, and NS2 proteins 
under control of the pol II promoter in the transfection. The 
simplest explanation for this would be that the presence of the 
other influenza virus structural proteins allows packaging of 
RNPs at an earlier time posttransfection, resulting in more 
progeny virus being released. Alternatively, the Mi and NS2 
(suggested to be renamed the nuclear export protein, NEP) 
proteins are known to function in modulating the import and 
export of RNPs from the nucleus of influenza virus-infected 
cells (33, 34), and the presence of these proteins alone may 
increase the amount of cytoplasmic RNPs available for pack- 
aging into progeny virions. Also, the production of spliced 
mRNAs from RNA segments 7 and 8 depends only on host cell 
factors, and the relative amounts of the spliced mRNAs 
present vary from cell to cell type (35, 36), which may affect 
virus recovery. The major difference between plasmid-based 
rescue of most nonsegmented negative-strand RNA viruses 
and influenza viruses involves the use of plasmids expressing 
antigenome or genome-sense RNA transcripts, respectively. 
Although the virus rescue efficiency of the plasmid-derived 
influenza virus is quite good, the use of an antigenomic 
plasmid may increase efficiency even more. The application of 
pol I-mediated expression of nonsegmented and other seg- 
mented negative-strand RNA virus genomes has yet to be 
explored but the success of Neumann and coworkers will no 
doubt result in a flurry of activity. However, although influ- 
enza virus has evolved to replicate in the nucleus and to exploit 
the cell-splicing machinery, for other RNA viruses that repli- 
cate in the cytoplasm, successful use of the pol I recovery 
system will depend on the absence of cryptic splicing signals in 
RNA transcripts. 

Plasmid-based recovery of influenza virus allows investiga- 
tion of aspects of the influenza virus life cycle that are known 
to involve multiple RNA segments, such as the neurovirulence 
of influenza A/WSN/33 in mice (reviewed in ref. 37) or viral 
polymerase functions. The engineering of influenza virus 
vaccines also should be improved quickly, because nucleotide 
changes correlating with attenuating or temperature-sensitive 
phenotypes now can be specifically identified and introduced 
in various combinations to produce new potential vaccines. If 
a properly attenuated genetic background can be constructed 
independent of the hemagglutinin and NA genes, the time 
needed to generate new vaccine viruses should be reduced to 
days rather than weeks. The ability of influenza virus to 
package additional RNA segments also may allow the virus to 
be used as a vector for delivering proteins to cells for thera- 
peutic purposes, although the stability of these viruses needs 
to be investigated further. 

Along with technological advances such as the ability to 
recover "designer" viruses, the relative ease of constructing 
influenza virus genes from synthetic oligonucleotides (38) and 
the sequencing of genes from "extinct" influenza virus strains 
such as the highly virulent 1918 Spanish influenza virus strain 
(39), comes a responsibility to avoid the construction of viruses 
that may pose a public health hazard. Restraint should be 
practiced, especially when dealing with factors associated with 
increased virulence, such as hemagglutinin proteins with 
multibasic cleavage sites (reviewed in ref. 40), or in the use of 
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NA subtypes known to confer trypsin-independent cleavage of 
hemagglutinin (41). 
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Differential Effect of Nucleotide Substitutions in the 3' Arm of the Influenza A Virus vRNA 
Promoter on Transcription/Replication by Avian and Human Polymerase Complexes 
Is Related to the Nature of PB2 Amino Acid 627 
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Using a genetic system that allows the in vivo reconstitution of active ribonucleoproteins, the ability to ensure transcrip- 
tion/replication of a viral-like reporter RNA harboring the G3 -» A3, Ug Cg, and Ca -> Ug mutations (triple 3-5-8 mutations) 
in the 3' arm of the promoter was examined with core proteins from human or avian strains of influenza A viruses. The 
efficiency of transcription/replication of the viral-like RNA with the triple 3-5-8 mutations in COS-1 cells was found to be 
slightly decreased as compared to the wild-type RNA when the polymerase was derived from a human virus, tn contrast, it 
was found to be considerably increased when the polymerase was derived from an avian virus, in agreement with published 
observations using the avian A/FPV/BratisIava virus (G. Neumann and G. Hobom, 1995, J. Gen. Virol. 76, 1709-1717). This 
increase could be attributed to the compensation of the defect in transcription/replication activity in the COS-1 mammalian 
cell line due to the presence of a glutamic acid at PB2 residue 627, characteristic of avian strains of influenza viruses. Our 
results thus suggest that PB2 and/or cellular proteins interacting with PB2 could be involved in RNA conformational changes 
during the process of transcription/replication. ® 2002 Elsevier Science (usa} 



INTRODUCTION 

The genonne of influenza A viruses consists of eight 
molecules of single-stranded RNA of negative polarity. 
The viral RNAs (vRNAs) are packed with the nucleopro- 
tein (NP) and associated with the three subunits of the 
polymerase complex (PB1, PB2, and PA) to form ribo- 
nucleoproteins (RNPs). Once the RNPs have entered the 
nucleus of the infected cells, they undergo transcription 
and replication (for a review, see Lamb and Krug, 2001). 
The three subunits of the polymerase and the NP are the 
minimum set of proteins required for both processes, 
although the molecular mechanisms involved are clearly 
different. The initiation of transcription involves a cap- 
stealing mechanism, by which 5'-capped oligonucleo- 
tides derived from cellular mRNA are used as primers 
and elongated by the viral polymerase (Bouloy et a/., 
1978; Plotch et a/., 1981). Termination and polyadenyla- 
tion occur at a stretch of five to seven U residues close 
to the 5' end of the template (Luo et a/., 1991 ; Poon et ai, 
1999). In the replication process, full-length positive- 
stranded RNAs complementary to the vRNAs (cRNAs) 
are produced, which in turn serve as templates for am- 
plification of the vRNAs. Initiation of the synthesis of 
cRNAs and vRNAs is primer-independent, and antitermi- 
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nation occurs at the poly(U). sequence during cRNA syn- 
thesis (Hay, 1998). Although there is a recent article 
about cRNA-promoted transcription of mRNAs (Azzeh et 
ai., 2001), many experimental results indicate that it is 
very inefficient as compared to vRNA-promoted tran- 
scription (Cianci etal., 1995; Honda etaL, 2001; Leahy ef 
ai, 2002). 

Genomic RNA segments of influenza A viruses are 
characterized by highly conserved sequences of 13 nt at 
their 5' end and 12 nt at their 3' end. Nucleotides 1 '-16' 
at the 5' end and 1-15 at the 3' end (i.e., the conserved 
sequences plus three additional nucleotides specific of 
the various segments) have been shown to contain the 
necessary signals for transcription, replication, and 
packaging of the genome segments (Fodor et al., 1994; 
Luytjes et a/., 1989; Neumann et al., 1994). Both the 5' 
and the 3' end are required for initiation of transcription 
in a stepwise interaction with the PB1 subunit of the 
polymerase complex (Li et al., 1998; Tiley et al., 1994), 
and thus they constitute the 5' and 3' arm of the vRNA 
promoter, respectively The corresponding complemen- 
tary sequences of the cRNA control vRNA synthesis and 
together form the cRNA promoter (Azzeh et al., 2001). In 
addition, nonconserved sequences of the noncoding re- 
gions (NCR) of the genomic segments were found to 
modulate the efficiency of transcription/replication (Berg- 
mann and Muster, 1996; Zheng et al., 1996). 

Several models have been proposed for the secondary 
structure of the influenza virus vRNA and cRNA promot- 
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ers. The 5' and 3' sequences show partial inverted 
complementarity to each other. Chemical RNA modifica- 
tion experiments of native RNPs have indicated that in 
the presence of the polymerase complex, the vRNA 5' 
and 3' ends form a double-stranded "panhandle" struc- 
ture; however, if not stabilized by the polymerase, base- 
pairing is not observed (Klumpp et ai, 1997). In vivo 
mutational analysis of viral-like reporter RNAs have led 
to the model of a "corkscrew" conformation for the vRNA 
promoter (Flick et ai, 1996). The features of the cork- 
screw conformation are two short proximal stem-loop 
structures, followed by a distal double-stranded RNA 
stem four to seven base pairs in length depending on the 
genomic segment. The proximal stem-loop elements and 
the distal stem are separated by a flexible hinge formed 
by a single unpaired nucleotide on the 5' arm. In in vitro 
experiments, the presence of a stem-loop at both the 5' 
and the 3' end of the vRNA appears to be required for 
endonuclease activity (Leahy et ai,, 2001 a.b), while poly- 
adenylation of the mRNAs requires the presence of a 
stem-loop at the 5' but not at the 3' end {Pritlove et ai., 
1999). Detailed mutational analysis of the 9 nt involved in 
the formation of stem-loops at the 3' and 5' ends of the 
vRNA indicated that at some positions (e.g., nt 3 and 8 of 
either end) base-pairing within the promoter is critical 
with regard to polymerase activity rather than the identity 
of the nucleotides themselves; while at other positions 
(e.g., nt 2 and 9 of either end, nt 5 of the 5' end), the 
nature of the nucleotide is important, probably because 
they represent positions of direct RNA-protein interac- 
tions (Flick and Hobom, 1999; Leahy et ai., 2001b). 

A puzzling observation by Neumann and Hobom is 
that, in cells infected with the A/FPV/Bratislava virus, a 
viral-like RNA harboring combined G3 A3, U5 C5, 
and Cg Ug mutations (triple 3-5-8 mutations) in the 
stem-loop structure of the 3' end undergoes transcrip- 
tion/replication with considerably enhanced efficiency as 
compared to the wild-type viral-like RNA (Neumann and 
Hobom, 1995). The aim of the present study was to 
examine whether the observation of Neumann and 
Hobom could be extended to other influenza A viruses or 
whether it was dependent on the avian vs human origin 
of the virus. We made use of a plasmid-based system 
described by Pleschka et ai. (1996) for the in vivo recon- 
stitution of functional RNPs. upon expression of wild-type 
or mutant viral-like RNAs together with the four core 
proteins (PB1, PB2, PA, and NP) derived from five different 
strains of human or avian viruses. We found that in 
COS-1 cells the triple 3-5-8 mutations increased tran- 
scription/replication of the vRNA only in the presence of 
polymerase complexes of avian origin. This increase 
was shown to correspond to the compensation of the 
defect in transcription/replication activity due to the pres- 
ence of a glutamic acid at PB2 residue 627, characteristic 
of avian strains of influenza viruses (Naffakh etai, 2000; 
Subbarao et ai., 1993). Our results are discussed with 



regard to the current models for molecular interactions 
and conformational changes that may take place within 
the RNP during the process of transcription/replication. 

RESULTS 

Variable effects of combined G3 A3. U5 C5. and 
Cg Ug mutations in the 3' end of a viral-like RNA 
on the levels of transcription/replication in COS-1 
cells, depending on the origin of the polymerase 
complex 

The effects of combined G3 A3, LI5 C5, and Cg 
Us mutations (triple 3-5-8 mutations) in the proximal 3' 
NCR of a type A viral-like CAT reporter RNA were studied 
in the presence of various polymerase complexes. The 
three mutations were introduced into the previously de- 
scribed pA/PRCAT(-) plasmid (Crescenzo-Chaigne et 
ai, 1999) to generate pA/PRCATmu3-5-8(-), as de- 
scribed under Materials and Methods. Plasmids pA/ 
PRCAT(-) and pA/PRCATmu3-5-8(-) direct the synthesis 
of a wild-type (wt) and a mutated viral-like RNA, respec- 
tively (Fig. 1). Both RNAs are likely to adopt a corkscrew 
conformation (Flick and Hobom, 1999; Flick et ai., 1996) 
with a six base-pair double-stranded distal element (Fig. 
1). They are analogous to the viral-like RNAs derived 
from the pHL926 and pHL1104 plasmids described by 
Neumann and Hobom (1995), except for the fact that the 
latter are predicted to form a four base-pair double- 
stranded distal element. To allow for direct comparison 
of our experiments with those from Neumann and 
Hobom. plasmids pA/PRCAT/NH(-) and pA/PRCAT/ 
NHmu3-5-8(-) were generated by introducing both the 
Ai4 Ch and the C15 ^ U15 mutations in pA/PRCAT(-) 
and pA/PRCATmu3-5-8(-), respectively Thus, in the cor- 
responding vRNAs, the length of the double-stranded 
distal element was reduced to 4 bp according to the 
corkscrew conformation model (Fig. 1). In the panhandle 
conformation model, the terminal nucleotides of the 5' 
and 3' NCRs are predicted to be only partially base- 
paired in the wt vRNAs derived from pA/PRCAT(-) or 
pA/PRCAT/NH(-) and to form a nine base-pair double 
strand in the mutant vRNAs derived from pA/PRCATmu3- 
5-8(-) or pA/PRCAT/NHmu3-5-8(-) (Fig. 1). 

We compared the efficiency with which the four types 
of RNA templates underwent transcription/replication in 
the presence of in vivo reconstituted polymerase com- 
plexes derived from several human (A/PR/8/34, AA/icto- 
ria/3/75. and A/Paris/908/97) or avian (A/Mallard/NY/ 
6758/78 and A/FPV/Rostock/34) type A influenza viruses. 
In COS-1 cells transfected with the pA/PRCAT(-) plas- 
mid, the highest levels of CAT expression (in the range of 
200-1000 ng per milliliter of cell extract prepared 24 h 
posttransfection), were achieved when A/PR/8/34 (PR8), 
/\/Paris/908/97 (P908), or A/Victoria/3/75 (VIC) polymer- 
ase complexes were reconstituted, whereas reduced 
levels were observed for the /\/FPV/Rostock/34 (FPV) 
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FIG. 1. Nucleotide sequence and predicted "corkscrew" and "panhandle" conformation of the minus (-)-sense model RNA templates. The nucleotide 
sequence of the extremities of the model RNA transcribed from pA/PRCAT(-) is the same as in the NS genomic segment of AA/VSN/33 (uppercase). 
Unrelated nonviral sequences are shown in lowercase. The nucleotides mutated in pA/PRCAT(-)-de rived plasmids are shown in bold. The predicted 
structures are as suggested by Flick era/. (1996). 



and A/Ma!larcl/NY/6758/78 (MAL) complexes (about 30 
and 10 ng/ml of CAT, respectively) (Fig. 2A. black bars). 
The levels of CAT measured with the pA/PRCAT/NH(-)- 
derived RNA template were reduced two- to fourfold as 
compared to pA/PRCAT(-) (Fig. 2A, gray bars), in agree- 
ment with previously published observations which sug- 
gested that the length of the double-stranded distal ele- 
ment was not critical with regard to the efficiency of 
transcription/replication of type A vRNAs (Lee and 
Seong, 1998b). To examine the effects of the presence of 
the triple 3-5-8 mutations on the RNA templates, CAT 
levels were measured in cells transfected with pA/ 
PRCATmu3-5-8(-) and expressed as a percentage of 
those measured with pA/PRCAT(-) (Fig. 2B, black bars); 
similarly CAT levels measured with pA/PRCAT/NHmu3- 
5-8(-) and pA/PRCAT/NH(-) were compared (Fig. 2B, 
gray bars). At 24 h posttransfection, the "promoter-up" 
effect described by Neumann and Hobom (i.e., increased 
levels of transcription/replication of vRNAs harboring the 
triple 3-5-8 mutations; Neumann and Hobom, 1995) was 
observed only in cells expressing the FPV or the MAL 
complex (Fig. 2B). Indeed, CAT levels measured with the 
mutated viral-like RNAs (either with a 4-bp or a 6-bp 
double-stranded distal element) were about threefold (for 
FPV) and 30-fold (for MAL) higher than those obtained 



with the corresponding wt RNAs. in contrast, in cells 
expressing the PR8, P908, or VIC complexes, CAT levels 
measured with the pA/PRCATmu3-5-8(-)- and pA/ 
PRCAT/NHmu3-5-8(-)-derived RNAs were either similar 
(for PR8 and P908) or 5- to 10-fold lower (for VIC) than 
those measured with the pA/PRCAT(-)- and pA/PRCAT/ 
NH(-)-derived RNAs. 

To understand better how the mutations in the 3' NCR 
did interfere with the transcription/replication process, a 
kinetic analysis was performed using the pA/PRCAT(-) 
or pA/PRCATmu3-5-8(-) plasmids, as well as the corre- 
sponding pA/PRCAT(-h) and pA/PRCATmu3-5-8(H-) plas- 
mids that encode (+) sense model RNA templates with a 
wt of mutated 5' NCR, respectively Each type of RNA 
template was coexpressed with either the P908-, the 
PR8-, the MAL-, or the FPV-derived complex, and the 
levels of CAT were measured in cell extracts at 18, 24, 
and 48 h posttransfection. As shown in Fig. 3A, in the 
presence of the P908 complex, the kinetics of accumu- 
lation of CAT protein were very similar with all four RNA 
templates. A rapid increase was observed up to 18 h 
posttransfection, followed by a slower increase between 
18 and 24 h posttransfection and a plateau from 24 to 
48 h posttransfection. The levels of CAT measured with 
the mutated RNA templates (hatched lines) were in the 
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FIG. 2. Efficiency of transcription/replication of the {— )-sense model 
RNA templates in the presence of polymerase complexes of various 
origins. COS-1 cells were transfected with plasmids pA/PRCAT{-), 
pA/PRCATmu3-5-8{-), pA/PRCAT/NH(-), or pA/PRCAT/NHmu3-5-8(-), 
together with the four pHMG plasmids encoding the core proteins 
derived from PR8, P908, VIC, FPV, or MAL viruses. At 24 h posttrans- 
fection, cell extracts were prepared and tested for the levels of CAT as 
described under Materials and Methods. (A) For a given polymerase 
complex, CAT concentrations measured with pA/PRCAT(-) (black bars) 
were compared to those measured with pA/PRCAT/NH(-) (gray bars). 
(B) For a given polymerase complex, the CAT levels measured with 
pA/PRCATmu3-5-8(-) (black bars) were compared to and expressed as 
a percentage of those measured with pA/PRCAT(-) (100%, dotted line), 
and the CAT levels measured with pA/PRCAT/NHmu3-5-8(-) (gray 
bars) were compared to and expressed as a percentage of those 
measured with pA/PRCAT/NH(-) (100%. dotted line). The results are 
expressed as the mean ± standard deviation (SD) of duplicate samples 
from one representative experiment of three independent experiments. 



same range as those measured with the wt templates 
(solid lines) at 18 and 24 h posttransfectton, in agreement 
with the results shown in Fig. 2B, and appeared to be 
three- to fivefold lower at 48 h posttransfection. Very 
similar results were obtained with the PR8 complex (data 
not shown). With the MAL complex, when the wt RNA 
templates were used, the kinetics of accumulation of 
CAT were delayed as compared to that observed with the 
P9Q8 complex: although CAT levels appeared higher with 
the (-l-)-sense than with the (-)-sense wt template, in 
both cases CAT levels remained low up to 18 h and 
increased rapidly between 18 and 48 h posttransfection 
(Fig. 3B, solid lines). Strikingly, when the mutated RNA 
templates were used, the kinetics of accumulation of 



CAT in the presence of MAL proteins were similar to that 
observed in the presence of P908 proteins, although CAT 
levels remained lower overall (Fig. 3B, hatched lines). 
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FIG. 3. Effect of the triple 3-5-8 mutations on the kinetics of tran- 
scription/replication of {-)- and (+)-sense nnodel RNA templates in the 
presence of (A) P908-, (B) MAL-, or (C) FPV-de rived polymerase com- 
plexes. COS-1 cells were transfected with the four pHMG plasmids 
encoding the core proteins together with either plasmids pA/PRCAT(-) 
(triangles, solid tines), pA/PRCAT(-i-) (circles, solid lines), pA/ 
PRCATmu3-5-8(-) (triangles, broken lines), or pA/PRCATmu3-5-8(+) 
(circles, broken lines). At various times posttransfection, cell extracts 
were prepared and tested for the levels of CAT as described under 
Materials and Methods. The results are expressed as the mean ± SD 
of duplicate samples from one representative experiment of two. 
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FIG. 4. Effect of the nature of PB2 amino acid 627 on the transcription/replication of wild-type or mutant (-)-sense model RNA templates, COS-1 
cells were transfected with either plasmid pA/PRCAT(-) (wt, black bars) or pA/PRCATmu3-5-8{-) (mu. gray bars) together with the four pHMG 
plasmids encoding the core proteins derived from MAL. FPV. or P908 viruses. The pHMG-PB2 plasmids encoded PB2 proteins with either a glutamic 
acid (E) at residue 627 (wild-type PB2 for MAL and FPV-PB2 or mutant K627E-PB2 for P908) or a lysine (K) at residue 627 (mutant E627K-PB2 for MAL 
and FPV or wild-type PB2 for P908). At 24 h posttransfection, cell extracts were prepared and tested for the levels of CAT as described under Materials 
and Methods. Arrows indicate the effect of the triple 3-5-8 mutations on complexes with a glutamic acid (solid arrows) or a lysine (broken arrows) 
at residue 627 of PB2. The results are expressed as the mean ± SD of duplicate samples from one experiment representative of two. 



The promoter-up effect of the mutations in pA/ 
PRCATmu3-5-8(-) in the presence of the MAL complex 
was much more pronounced at 18 h (about 200-fold) than 
at 24 h (about 50-fold), or at 48 h posttransfection (three- 
fold). Similarly, the promoter-up effect of the mutations in 
pA/PRCATmu3-5-8(+) was the highest at 18 h posttrans- 
fection (40-fold). The results obtained with the FPV com- 
plex were very similar to those observed with the MAL 
complex, although the differences between the CAT lev- 
els measured with the wt and mutated templates were 
lower (about sevenfold at 18 h, and threefold at 24 h 
posttransfection) (Fig. 3C). On the whole, these observa- 
tions suggested that the presence of the triple 3-5-8 
mutations in the 3' NCR of the vRNA and/or the presence 
of the corresponding mutations in the 5' NCR of the 
cRNA compensated for a functional defect of the MAL or 
FPV complex in transcription/replication of the wt viral- 
like RNA in COS-1 cells. This compensatory effect could 
operate at the level of recognition, amplification, and/or 
transcription of the RNA. 

The triple 3-5-8 mutations in the 3' end of a viral-like 
RNA compensate the defect in 
transcription/replication in COS-1 cells due to the 
presence of a glutamic acid at residue 627 of PB2 

We have previously published that the efficiency with 
which the MAL or FPV complexes ensure transcription/ 



replication of a wt viral-like RNA in COS-1 cells is en- 
hanced if a MAL-PB2 or FPV-PB2 protein with a Glu 
Lys mutation at residue 627 is expressed instead of the 
wt PB2 (Naffakh etaL, 2000). Here we asked whether the 
defect linked to residue Glu627 of PB2-MAL was com- 
pensated by the presence of the triple 3-5-8 mutations in 
the 3' end of the vRNA. Thus we examined whether the 
efficiency with which the pA/PRCATmu3-5-8{-)-derived 
RNA underwent transcription/replication in COS-1 cells 
was still determined by the nature of PB2 residue 627 In 
addition to the plasmids encoding the E627K-MAL-PB2 
and E627K-FPV-PB2 mutant proteins, which have been 
previously described (Naffakh eta/., 2000), we generated 
a plasmid encoding a P908-PB2 protein with a Lys Glu 
substitution at position 627 (K627E-P908-PB2). The tran- 
scription/replication activity of MAL, FPV, and P908 com- 
plexes reconstituted with either a wild-type or a mutant 
PB2 protein was tested, using pA/PRCAT(-) or pA/ 
PRCATmu3-5-8(-) as a template for synthesis of the 
viral-like RNA. The CAT levels measured at 24 h post- 
transfection are shown in Fig. 4. Using pA/PRCAT(-) as 
a template (black bars), CAT levels were 32-fold higher in 
cells expressing E627K-MAL-PB2 (385 ng/ml) than cells 
expressing the wt MAL-PB2 (12 ng/ml), fivefold higher in 
cells expressing E627K-FPV-PB2 (852 ng/ml) than cells 
expressing the wt FPV-PB2 (157 ng/ml), and fivefold 
lower in cells expressing K627E-P908-PB2 (327 ng/ml) 
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FIG. 5. Efficiency of transcription/replication of the wild-type or mutant (-)-sense model RNA templates in the presence of various combinations 
or MAL and FPV core proteins. COS-1 cells were transfected with plasmids pA/PRCAT(-) or pA/PRCATmu3-5-8(-), together with all 16 possible 
combinations between plasmids encoding the four MAL- and FPV-derived core proteins. At 24 h posttransfection, cell extracts were prepared and 
tested for the levels of GAT as described under Materials and Methods. For a given combination of core proteins, CAT concentrations measured with 
pA/PRCAT(-) (black bars) were compared to those measured with pA/PRCATmu3-5-8{-) (gray bars). The results are expressed as the mean ± SD 
of duplicate samples. 



than cells expressing the wt P908-PB2 (1624 ng/ml). 
These observations were in agreement with our previ- 
ously published data (Naffakh etal., 2000) and confirmed 
that the nature of PB2 residue 627 is essential for the 
efficiency with which a polymerase complex ensures 
transcription/replication of a wt viral-like RNA in COS-1 
cells. In contrast, when pA/PRCATmu3-5-8(-) was used 
as a template (gray bars), expressing the mutant instead 
of the wt PB2 proteins had little effect on CAT levels, 
which were in the range of 500-1000 ng/ml, whatever 
the origin of the polymerase complex and the nature of 
PB2 amino acid 627. As a consequence, the 50-fold 
promoter-up effect of the triple 3-5-8 mutations observed 
in the presence of the wild-type MAL complex (Fig. 4, 
solid arrow) was reduced to threefold when E627K-MAL- 
PB2 was expressed (Fig. 4, broken arrow). In the case of 
the FPV complex, a sixfold promoter-up effect was ob- 
served at 24 h with the wt (E627) FPV-PB2 but not with 
the E627K-FPV-PB2; conversely a fourfold promoter-up 
effect was observed with the K627E-P908-PB2 protein 
but not with the wt {K627) P908-PB2 protein with which a 
twofold reduction was observed (Fig. 4). 

The effects of the nature of PB2 amino acid 627 and of 
the triple 3-5-8 mutations were much more pronounced 
with the MAL than with the FPV complex, suggesting that 
they were modulated by some other molecular charac- 
teristics of each of the polymerase complexes. All 16 
possible combinations between the core proteins of 
MAL and FPV were analyzed for the efficiency of CAT 



production in the presence of either the pA/PRCAT(-) or 
the pA/PRCATmu3-5-8(-) template. Whatever the combi- 
nation of proteins, the levels of CAT measured in the 
presence of pA/PRCATmu3-5-8(-) were in the same 
range (250-650 ng/ml) (Fig, 5, gray bars). In contrast, the 
levels of CAT measured in the presence of p/VPRCAT(-) 
varied depending on the combination of core proteins: 
they were systematically lower when the PA subunit 
derived from MAL (10-20 ng/ml, instead of 50-120 ng/ml 
when PA derived from FPV) (Fig. 5, black bars), which 
resulted in a higher promoter-up effect of the 3-5-8 triple 
mutations. These results suggested that the difference 
observed between the FPV and MAL complexes was 
linked to the nature of the PA subunit. FPV-PA allowing a 
better efficiency of transcription/replication of the wt vi- 
ral-like RNA in COS-1 cells than MAL-PA. 

To examine whether the effects linked to the nature of 
PB2 amino acid 627 and to the nature of nucleotides 3, 5. 
and 8 at the 3' end of the vRNA were similarly related to 
transcription and/or replication, we analyzed the RNA 
species involved these processes. COS-1 cells were 
transfected with plasmids encoding either MAL- or P908- 
derived core proteins together with the pA/PRCAT(-) or 
p/VPRCATmu3-5-8{-) plasmids. Total RNA was prepared 
at 24 h posttransfection, and 10 /xg were used for the 
purification of polyadenylated RNAs. To detect vRNAs, 
total RNA (2 /xg) was analyzed by Northern blotting and 
hybridization using a positive-sense CAT-specific ^^P- 
labeled riboprobe, as described under Materials and 
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FIG. 6. Detection of CAT-specific RNAs in the transient transcription/ 
replication assay. COS-1 cells were transfected with either plasmid 
pA/PRCAT(-) (wt) or pA/PRCATmu3-5-8 (-) (mu) together with the four 
pHMG plasmids encoding the core proteins derived fronn MAL (Lanes 
3-6) or P908 viruses (Lanes 7-10), or with the empty pHMG plasnnid 
(Mocic, Lanes 1-2). The pHMG-PB2 plasmids encoded PB2 proteins 
with either a glutamic acid (E) or a lysine (K) at residue 627 as in Fig. 
4, At 24 h posttransfection, total RNAs and poly(A)'' RNAs were pre- 
pared and analyzed by Northern blotting followed by hybridization with 
a "P-labeled (+)-sense riboprobe, or by slot blotting followed by 
hybridization with a "P-labeled (-)-sense riboprobe, respectively, as 
described under Materials and Methods. The CAT-specific signals 
obtained by scanning the blots with a STORM820 optical scanner are 
shown. The amounts of CAT vRNA and mRNA were evaluated by using 
the Image Quant software and the corresponding amounts of CAT 
protein were measured by ELISA After substraction of the values 
obtained in the mock samples, the values were expressed relative to 
those obtained with pA/PRCAT(-) (wt) in the presence of the wild-type 
PB2 for MAL (Lane 3), or mutant K627E-PB2 for P908 (Lane 7). The 
ratios are indicated below the corresponding CAT-specific RNA sig- 
nals. 

Methods. To detect mRNAs, polyadenylated RNAs were 
analyzed by slot blotting and hybridization using a neg- 
ative-sense CAT-specific ^^P-labe!ed riboprobe, as de- 
scribed under Materials and Methods. Quantification of 
the hybridization signals indicated a good correlation 
between the levels of CAT nnRNA and the protein (Fig. 6). 
Different levels of CAT vRNA were observed between the 
mock-transfected samples, the amount of CAT vRNA 
detected with the mutated template being repeatedly 
two- to threefold higher than the wt template (Fig, 6, Lane 
2 compared to Lane 1). This difference could be due to 
an enhancement of the efficiency of ribozyme cleavage 
and/or to a higher stability of the CAT vRNAs synthesized 
from pA/PRCATmu3-5-8(-), because of the presence of 
the 3-5-8 triple mutations in the 3' NCR. It is unlikely that 
it interfered with our analysis, because dose-response 
experiments indicated that CAT vRNA synthesized from 
pA/PRCAT (-) was in large excess (data not shown). In 
the presence of the MAL or P908 core proteins, signifi- 
cant variations of CAT mRNA and to a lesser extent of 
CAT vRNA were observed, when comparing the wt and 
mutant RNA templates, or the wt and mutant PB2 pro- 
teins. A Glu Lys substitution in PB2 resulted in in- 
creased levels of vRNA and mRNA synthesized from the 



pA/PRCAT(-) template, albeit to a less significant extent 
with the P908 complex as compared to the MAL complex 
(Fig. 6, Lane 5 compared to Lane 3, and Lane 9 com- 
pared to Lane 7). Moreover, in the presence of a complex 
with a Glu627 residue in PB2, when pA/PRCATmu3-5- 
8(-) was used instead of pA/PRCAT(-), the levels of 
vRNA and mRNA were found to be increased, again to a 
much less significant extent with the P908 complex than 
the MAL complex (Fig. 6, Lane 4 compared to Lane 3, 
and Lane 8 compared to Lane 7). Consequently when 
pA/PRCATmu3-5-8(-) was used as a template, a Glu 
Lys substitution in PB2 had no significant effect on the 
levels of vRNA and mRNA synthesized (Fig. 6, Lane 6 
compared to Lane 4, and Lane 10 compared to Lane 8). 
On the whole, these observations indicated that the 
transcription, and to a lesser extent the replication activ- 
ity, was impaired when residue 627 of PB2 was a Glu, 
and that both defects were compensated by the pres- 
ence of A3, C5, and Uq nucleotides at the 3' end of the 
vRNA. Furthermore, both the effects of residue 627 of 
PB2 and the effects of the triple 3-5-8 mutations were 
much more pronounced with the MAL than with the P908 
complex. 

The nature of nucleotides 3 and 8 at the 3' end of a 
viral-like RNA is essential for the promoter-up effect 
of the triple 3-5-8 mutations observed in the 
presence of the MAL or FPV complex 

To evaluate the respective contribution of mutations at 
nucleotides 3, 5, and 8 of the 3' NCR to the promoter-up 
effect observed in the presence of the MAL or FPV 
complexes, two additional pA/PRCAT(-)-derived plas- 
mids were generated, which contained either the G3 
A3 and Ce Ue mutations (pA/PRCATmu3-8(-)) or the 
U5 C5 mutation alone (pA/PRCATmu5(-)). These plas- 
mids were tested in the presence of P908-, MAL-, or 
FPV-derived complexes, in parallel with pA/PRCAT(-) 
and pA/PRCATmu3-5-8(-). The levels of CAT measured 
in cell extracts at 24 and 48 h posttransfection are shown 
in Fig, 7, Whatever the polymerase complex which was 
used, simitar CAT levels were observed with plasmids 
pA/PRCATmu3-5-8(-) and pA/PRCATmu3-8(-) on the 
one hand (hatched lines), and with plasmids pA/ 
PRCAT(-) and pA/PRCATmu5(-) on the other hand 
(solid lines). Similar results were obtained using the 
PR8-derived complex (data not shown). These observa- 
tions indicated that the mutations at nt 3 and 8, but not nt 
5 at the 3' end of the viral-like RNA, were responsible for 
the promoter-up effect observed in the presence of the 
MAL or FPV complex. In agreement with the data from 
Flick et aL (1996), any single mutation at nucleotide 3 or 
8, which disrupted the Gg-Cg base pair predicted by the 
corkscrew mode! of vRNA, completely abolished tran- 
scription/replication of the RNA template (data not 
shown). When a Ua-Ag or a C3-G8 base pair was restored 
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FIG. 7. Effect of single or double mutations as compared to the 
triple 3-5-8 mutations in the 3' end of the (-)-sense model RNA 
template on transcription/replication in the presence of P908, MAL, 
or FPV-derived polymerase complexes. COS-1 cells were trans- 
fected with the four pHMG plasmids encoding the core proteins 
derived from (A) P908. (B) MAL, or (C) FPV viruses as indicated, 
together with either plasmid pA/PRCAT(-) (solid lines, closed trian- 
gles), pA/PRCATmu3-5-8(-) (broken lines, closed triangles), pA/ 
PRCATmu5(-) (solid lines, open circles), pA/PRCATmu3-8(-) (bro- 
ken lines, open circles), pA/PRCATmu3C-8G(-) (dotted lines, open 
squares), or pA/PRCATmu3U-8A(-) (dotted line, crosses). At 24 and 
48 h posttransfection, cell extracts were prepared and tested for the 
levels of CAT as described under Materials and Methods. The 
results are expressed as the mean ± SD of duplicate samples from 
one representative experiment of two. 



in the stem-loop (plasmids pA/PRCATmu3C-8G{-) and 
pA/PRCATmu3U-8A{-)). the levels of CAT measured in 
the presence of the P908 complex at 24 h posttransfec- 
tion were about 10-fold lower than those observed with 
pA/PRCAT(-) or pA/PRCATmu3-5-8 {-) (Fig. 7A. dotted 
lines). In the presence of the MAL or FPV complexes, the 
levels of CAT measured at 24 h posttransfection with 
pA/PRCATmu3C-8G(-) were respectively about 100- and 
25-fold lower than those measured with pA/PRCATmu3- 
5-8(-) (Figs. 7B and 7C, dotted lines, square symbols), 
while the levels of CAT measured with pA/PRCATmu3U- 
8A(-) were at background levels (Figs. 7B and 7C, dot- 
ted line, cross symbols). These very different levels of 
CAT observed depending on the nature of the predicted 
base pair In the 3' stem-loop of the RNA templates, i.e., 
Aa-Ue (mu3-5-8), U3A (mu3U-8A), or Ca-Gg (mu3C-8G), 
indicated that not only the base pairing between nt 3 and 
8 but also the nature of nt 3 and 8 was essential for the 
promoter-up effect. 

No sequence variations are found at nt 3, 5, or 8 in 
the 3' and 5' ends of the eight genomic RNA 
segments derived from the MAL and PRO viruses 
upon sequencing 

Based on all available sequences, the 12 nt at the 3' 
end and the 13 nt at the 5' end of influenza A genomic 
RNAs are highly conserved. However, the observation 
that a viral-like RNA with A3, C5, and Ug nucleotides at the 
3' end could undergo efficient transcription/replication 
prompted us to sequence the 3' and 5' ends of the eight 
genomic segments derived from the MAL and PR8 vi- 
ruses, to determine whether nt 3, 5, and 8 were con- 
served, or whether some sequence variation could occur 
and possibly be involved in controlling the segment- 
specific transcription/replication level. The 3' and 5' ter- 
minal nucleotides of PR8 segments had been deter- 
mined by Desselbergere^a/. in 1980 (Desselberger ef a/„ 
1980), but might have varied along the many subsequent 
passages of the virus. Data on the 3' and 5' terminal 
nucleotides of MAL segments were not available, and 
vRNA sequencing was performed on a batch of virus with 
the same passage history as for cloning of the MAL-PB1, 
-PB2, -PA. and -NP cDNAs used in our experiments. We 
optimized PCR-based protocols for direct sequencing of 
the 3' and 5' NCR, as described under Materials and 
Methods. Genomic RNA was extracted from the MAL 
and PR8 viruses and the sequence of the extremities of 
the eight genomic segments was determined. The 12 nt 
at the 3' terminus and 13 nt at the 5' terminus were found 
to be wild-type in all segments (data no shown). In 
agreement with published data (Desselberger et al., 
1980; Robertson, 1979), a unique variation was observed 
within these conserved sequences, U or C at position 4 
of the 3' end of the vRNA (Table 1). The distal double- 
stranded element in the corkscrew conformation model 
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TABLE 1 

Sequence Characteristics of the Extremities of the Genomic 
Segments Derived from the MAL and PR8 Viruses as Compared to All 
Sequences Available in GenBank 



Length of the ds distal 
nt 4 of the 3' end element (bp) 



Segment 


MAL 


PR8 


Other* 


MAL 


PR8 


Other* 


PB1 


C 


C 


u/c 


5 


5 


5 


PB2 


C 


C 


u/c 


5 


5 


5 


PA 


C 


c 


U/C 


7 


7 


7/6 


HA (HI) 




u 


U 




4 


4 


HA(H2) 


U 




U 


4 




4 


NP 


U 


u 


U 


6 


6 


6 


NA(Nl) 




c 


U 




3//4" 


8 


NA(N2) 


U 




U 


6 




6 


M 


U 


c 


U 


6 


6 


6 


NS 


U 


u 


u 


6 


6 


6 



• All sequences available in GenBank for influenza A viruses other 
than MAL and PR8 were aligned, and the sequence consensus is 
indicated. The number of sequences available for the extremities was 
variable depending on the segment: 20 for PB1, 24 for PB2, 16 for PA, 1 1 
for HI, 11 for H2, 88 for NP, 10 for N1, 9 for N2, 14 for M. and 21 for NS. 

^Two elements of three and four base-paired nucleotides separated 
by a 1-nt gap. 



(starting with base-pairing of nt 10 of the 3' end and nt 
11' of the 5' end) was found to be 4 to 8 bp long 
depending on the segments (Table 1). For PR8, the ter- 
minal sequences were found identical to those de- 
scribed by Desselberger et aL (1980), and the features 
that appear characteristic of PR8 as compared to all 
available sequences in the databases, i.e., a C at nt 4 in 
the 3' end of segments NA and M, and a discontinuity in 
the distal stem of the NA segment, were confirmed (Ta- 
ble 1). On the whole, our data confirm the high conser- 
vation and stability of the terminal sequences of influ- 
enza A virus genomic segments. 

DISCUSSION 

Effect of the triple 3-5-8 mutations in the 3' end of 
vRNA 

It was previously observed by Neumann and Hobom 
that in murine B82 cells infected with the influenza virus 
A/FPV/Bratisiava, a viral-like reporter RNA harboring tri- 
ple 3-5-8 mutations in the 3' end underwent transcrip- 
tion/replication more efficiently than a wild-type viral-like 
RNA, i.e., the mutations showed a promoter-up effect 
(Neumann and Hobom, 1995). Here, we report that this 
observation cannot be extended to all influenza A vi- 
ruses. Indeed, using a plasmid-driven system for the in 
vivo reconstitution of functional ribonucleoproteins in 
COS-1 cells, we have observed that the triple mutations 
had a promoter-up effect when the polymerase complex 
was derived from the MAL or FPV viruses (avian viruses. 



as A/FPV/Bratislava), but not from the human PR8, VIC, or 
P908 viruses. In the presence of human-derived polymer- 
ase complexes, the levels of transcription/replication 
achieved with the mutated viral-like RNA were even 
lower (at least twofold) than the wild-type RNA, i.e., the 
mutations had a slight "promoter-down" effect. Similar 
results were obtained whether the RNA templates were 
designed to form a 6-bp-long (NS segment-like tem- 
plates) or a 4-bp-long (HA segment-like templates) dou- 
ble-stranded distal element in the corkscrew conforma- 
tion, which indicated that the effects of the triple 3-5-8 
mutations were independent of the length of the distal 
stem. Moreover, experiments using RNA templates har- 
boring various double or single mutations at nt 3, 5, 8 of 
the 3' end indicated that the promoter-up and promoter- 
down effects observed with the RNA harboring the triple 
3-5-8 mutations in the presence of avian- and human- 
derived complexes, respectively, were determined by the 
nature of nt 3 and 8, but not nt 5. Our finding, that not only 
base-pairing between nt 3 and 8 but also the nature of 
the nucleotide at these positions was critical for pro- 
moter activity, is contradictory with data from Flick and 
Hobom, which suggested that only base-pairing was 
critical in an HA segment-like vRNA (Flick and Hobom, 
1999). Our observation that a viral-like RNA with a single 
U5 C5 mutation in the 3' end underwent transcription/ 
replication as efficiently as the wild-type RNA is again in 
contradiction with data from Neumann and Hobom, who 
reported that this nucleotide exchange at position 5 com- 
pletely abolished the promoter activity (Neumann and 
Hobom, 1995). Interestingly, Lee and Seong (1998a) as 
well as Bergmann and Muster (1995) reported that they 
were unable to rescue transfectant WSN viruses carrying 
stably the U5 -» C5 mutation in the 3' end of the NA 
vRNA. These apparent contradictions may result from the 
fact that the effects of the mutations were analyzed in the 
context of the noncoding sequences from different viral 
segments (i.e., NS in this article, HA (Neumann and 
Hobom, 1995; Flick and Hobom, 1999) or NA (Lee and 
Seong, 1998a; Bergmann and Muster, 1995) in the other 
studies). In addition, the discrepancies may be linked to 
the fact that in our exclusively plasmid-based experimen- 
tal system, there is no expression of viral genes other 
than PB1, PB2, PA, and NP, whereas the results of the 
three teams cited above were obtained in the context of 
a viral infection. 

In the course of a mutagenic analysis of the 3' terminal 
sequence of the vRNA with regard to endonuclease 
activity of the polymerase complex of A/PR/8/34 virus, 
Leahy et ai. observed that the identity of residue 5 did not 
affect endonuclease activity, whereas replacing the G-C 
base pair at position 3-8 in the stem-loop structure with 
an A-U base pair reduced endonuclease activity by about 
50% (Leahy et aL, 2001a, 2002). This decrease in endo- 
nuclease activity could very well contribute to the two- to 
threefold decrease in the levels of CAT that we measured 
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with RNA templates harboring the double 3-8 or triple 
3-5-8 mutations in the presence of PR8 or P908 com- 
plexes, as compared to the wild-type RNA. 

Influence of the nature of residue 627 of PB2 on the 
effect of the triple 3-5-8 mutations 

Our results indicate that the promoter-up effect of the 
triple 3-5-8 mutations observed with avian-derived com- 
plexes corresponds to the compensation of a defect of 
the transcription/replication activity of these complexes 
in COS-1 cells as compared to human-derived com- 
plexes. Indeed, the levels of transcription/replication 
measured at 24 h posttransf action with the MAL or FPV 
complex were 10- to 100-fold lower than those obtained 
with human-derived complexes when a wt viral-like RNA 
was used, whereas they were in the same range when 
the mutant viral-iike RNA was used. Experiments using 
MAL-PB2 and FPV-PB2 mutants with a Glu627Lys sub- 
stitution and a P908-PB2 mutant with a Lys627Glu sub- 
stitution indicated that the transcription, and to a lesser 
extent the replication activity, was impaired when resi- 
due 627 of PB2 was a Glu (typical of avian viruses), and 
that both defects were compensated by the presence of 
the triple mutations at the 3' end of the vRNA. Noticeably, 
both the effects of the nature of PB2 amino acid 627 and 
the effects of the triple 3-5-8 mutations were much more 
pronounced with the MAL than with the P908 complex 
and appeared intermediate with the FPV complex, which 
was probably linked to some other molecular character- 
istics of the FPV and P908 polymerase complexes, al- 
lowing a better transcription/replication activity in COS-1 
cells than the MAL complex. Analysis of all 16 possible 
combinations between the core proteins of MAL and FPV 
indicated that the difference observed between the two 
complexes was linked to the PA subunit. The alignment 
of MAL- and FPV-PA with all other sequences available 
for PA reveals that several residues differ between MAL- 
and FPV-PA, but that none of them correspond to a 
position that differs between the human and avian lin- 
eages of influenza A viruses, which could have ac- 
counted for the intermediate behavior of the FPV com- 
plex as compared to MAL and P908 complexes. 

It has been shown previously that PB2 and more spe- 
cifically amino acid 627, as well as to a lesser extent PA, 
were determinants of the temperature sensitivity of the 
polymerase complex derived from avian viruses (Massin 
et ai, 2001), suggesting that the effect of the triple 3-5-8 
mutations might be temperature-dependent. However, 
when the transcription/replication activities of avian 
(MAL, FPV) and human {P908) complexes were com- 
pared at 33, 37, and 40*^0, the same differential effect of 
the triple mutations was observed at all temperatures 
(data not shown). Thus the hypothesis of a temperature- 
dependent effect seems unlikely. 

Amino acid 627 of PB2 has recently been shown by 



Hatta et ai to be an essential determinant of the patho- 
genicity in mice of A(H5N1) influenza viruses which wer6 
transmitted from birds to humans in Hong Kong in 1997 
(Hatta etaL, 2001). This was in agreement with previous 
studies on human/avian reassortant viruses which indi- 
cated that PB2 residue 627 was a host-range determi- 
nant of influenza A viruses (Subbarao et ai, 1993). Some 
of our previous data suggested that the mechanism by 
which the nature of PB2 amino acid 627 alters the effi- 
ciency of transcription/replication in mammalian (COS-1) 
cells is probably complex, relying on interactions of PB2 
with viral and most importantly cellular proteins (Naffakh 
et ai, 2000). Our present data suggest that RNA-protein 
interactions are also involved, but the exact nature of 
these interactions and the mechanism by which they 
may be influenced by the presence of the triple 3-5-8 
mutations in the 3' end of the vRNA are still unclear, as 
little is known on the structure/function relationships for 
vRNA. 

Structure dynamics of viral RNA and functional 
interactions with the polymerase complex 

Flick et al. have suggested that during the process of 
transcription/replication, the vRNA could be in the pan- 
handle conformation for initial interaction with the poly- 
merase and then switch to a corkscrew conformation, 
the equivalent of an open complex structure (Flick et ai, 
1996). The cRNA is also likely to adopt a panhandle 
and/or corkscrew conformation while interacting with the 
polymerase complex (Azzeh et ai, 2001). Leahy et al. 
have established that the identity of nt 5 in the 5' arm of 
the cRNA promoter, together with the absence of a 
"hinge" A nt in the 5' arm and the presence of a hinge U 
nt in the 3' arm of the cRNA promoter in contrast to the 
vRNA promoter is the basis for the lack of activation of 
endonuclease activity of the complex upon binding to the 
cRNA (Leahy etaf,. 2002). Finally, melting of the 3' end of 
the vRNA and cRNA is probably required for the initiation 
of synthesis of (+)- and (-)-sense RNAs, respectively. 

The triple 3-5-8 mutations in the 3' end of the vRNA are 
likely to alter the structure of both the vRNAs and the 
cRNAs. First they are predicted to increase the stability 
of the terminal RNA duplex in the panhandle conforma- 
tion model by restoring a complete Watson-Crick base 
pairing between the nine terminal nucleotides of the 3' 
and 5' ends. Interestingly, Bae et al. have recently de- 
scribed the structure of the vRNA promoter in the pan- 
handle conformation using magnetic resonance spec- 
troscopy and showed that there is a bending of the RNA 
duplex at position 4, which could lower the energy for 
unwinding and opening the helix (Bae etaL, 2001). They 
demonstrated that mutations in the 3' end that restore a 
complete Watson-Crick base pairing within the RNA 
duplex suppress the bending of the helix, which could 
stabilize the panhandle structure. The triple 3-5-8 muta- 
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tions in the 3' end of the vRNA are also predicted to lead 
to (i) a decreased stability of the 3' arm of the vRNA 
promoter and of the 5' arm of the cRNA promoter in the 
corkscrew conformation; and (ii) a sequence identity 
between the vRNA and cRNA promoters, except for the 
difference in the hinge localization which is maintained. 

The most simple interpretation of our data is that the 
triple mutations compensate the inability of a polymer- 
ase complex with a GIu at PB2 amino acid 627 to stabi- 
lize the panhandle conformation and/or to melt stem- 
loop structures in the corkscrew conformation in COS-1 
cells. This would suggest that PB2 and/or cellular pro- 
teins interacting with P82 could be involved in RNA 
conformational changes during the process of transcrip- 
tion/replication. Some of the cellular proteins implicated 
could be helicases. Indeed, no hellcase activity has been 
found associated with the polymerase complex of influ- 
enza A viruses, but Huarte et a/, recently reported the 
detection of an interaction between the PA subunit of the 
complex and a protein containing an helicase domain 
(Huarte et al., 2001). Further experiments involving both 
mammalian and avian cell lines could help in testing 
these hypotheses. 

MATERIALS AND METHODS 

Plasmids for the expression of viral proteins 

Plasmids pHMG-PR8-PB1, -PB2, -PA, and -NP, which 
express the PB1. PB2, PA, and NP proteins, respectively, 
of influenza virus A/Puerto Rlco/8/34 (PR8) under the 
control of the hydroxymethylglutaryl coenzyme A reduc- 
tase (HMG) promoter were kindly provided by J. Pavlovic 
(Institut fur Medizinlsche Virotogie, Zurich, Switzerland). 
The analogous pHMG-derived plasmids encoding the 
PB1, PB2, PA, and NP proteins of AA/lctoria/3/75, A/Mal- 
lard/NY/6758/78, and A/FPV/Rostock/34 viruses have 
been described previously (Naffakh et al., 2000). Virus 
isolate A/Paris/908/97 (P908) was grown on MOCK cells. 
After four passages, viral genomic RNA was extracted 
from MDCK supernatant using the Trizol reagent (Gibco). 
Molecular cloning and sequencing of the cDNAs encod- 
ing P908-PB1. -PB2. -PA, and -NP were performed as 
described previously (Naffakh et al., 2000). The corre- 
sponding sequences have been submitted to GenBank 
under the following Accession Nos.: AF483601, 
AF483602, AF483603, AF483604. The pHMG-MAL-PB2- 
E627K and pHMG-FPV-PB2-E627K plasmids. which ex- 
press MAL and FPV-derived PB2 proteins mutated at 
residue 627. have been described in Naffakh etai, 2000. 
Similarly, a plasmid allowing the expression of a P908- 
derived PB2 protein with a K627E mutation was gener- 
ated using an overlap extension PGR protocol (Pogulis et 
a/., 1996). The pHMG-P908-PB2 plasmid was used as a 
template and oligonucleotides 5'-GCCGGTGGACCA- 
GAAGAAAGGAGGATG-3' and 5'-GATCCTGGTTTGTTGT- 
GGTGGAGCGGC-3' were used as mutagenic primers. 



The sequence of the additional primers used for mu- 
tagenesis can be obtained from the authors upon re- 
quest. The conditions of amplification were as described 
in Naffakh et a/., 2001. The fusion PGR product was 
digested with the Hpa\ and Kpn\ enzymes and subcloned 
into the pHMG-P908-PB2 plasmid at the Hpa\ and Kpn\ 
sites. Positive clones were sequenced using a Big Dye 
terminator sequencing kit (Perkin-Elmer) and analysis 
on an ABI prism 377 automated sequencer to assess the 
presence of the site-directed mutation and the absence 
of unanticipated nucleotide changes. 

Plasmids for the expression of viral-like RNAs 

The pA/PRGAT(-) and pA/PRGAT(-F) plasmids, which 
direct the expression of an influenza virus-like RNA de- 
rived from the nonstructural (NS) segment of the 
AAA/SN/33 virus, were described previously (Crescenzo- 
Chalgne et al., 1999). They contain, inserted at the Bbs\ 
site of vector plasmid pPR (Grescenzo-Ghaigne et al., 
1999), the GAT gene sequences in an antisense (pA/ 
PRGAT(-)) or sense (pA/PRGAT(+)) orientation flanked 
by the 5' and 3' extremities of the NS gene segment. 
Expression of the viral-like RNA is driven by a truncated 
human RNA Po/I promoter. The correct 3' end is ensured 
by the use of the hepatitis delta virus ribozyme se- 
quence. 

The PCR-based protocol used to introduce mutations 
In the sequences of pA/PRGAT(-) corresponding to the 
3' end of the viral-like RNA has been described previ- 
ously (Grescenzo-Ghaigne and van der Werf, 2001). Prim- 
ers 5'-AG7AGAA/lGAGGGTGAGAAAGAG-3', 5'-AGGAA- 
AAGGAGGGG/AAGAAAGAGATAATG-3', and 5'-AG7AGA- 
A/\CAGGGG/AAGAAAGAGATAATG-3' were used with the 
primer 5'-AGTAGAAAGAAGGGTG I INI IGAG-3' for am- 
plification of the GAT gene and NS noncoding sequences 
using pA/PRGAT(-) as a template, to generate the pA/ 
PRCATmu3-5-8{-) and (-F), pA/PRGAT/NH(-), and pA/ 
PRGAT/NHmu3-5-8(-) plasmids, respectively Similarly, 
primers 5'-AG7"AAAA^GAGGGTGAGAAAGAG-3', 5'- 
AGGAGAAGGAGGGTGAGAAAGAG-3', 5'-AG>^AAAA7"G- 
AGGGTGACAAAGAG-3' and 5'-AGGAAAACGAGGGTGA- 
GAAAGAG-3' were used to generate additional mutant 
plasmids pA/PRGATmu3-8(-), pA/PRGATmu5(-), pA/ 
PRGATmu3U-8A(-), and pA/PRGATmu3G-8G(-). The 
amplified products were cloned at the Bbs\ sites of pPR. 
The presence of the mutations in the positive clones was 
assessed by sequence determination as described 
above. 

Transfections and CAT assays 

GOS-1 cells were grown in Dulbecco's modified Ea- 
gle's medium containing 10% fetal calf serum. Subcon- 
fluent monolayers (1.2 x 10^ cells in 21 -mm dishes) were 
transfected by using 5 jutl FuGENE 6 (Roche) with 0.5 /xg 
of either pA/PRGAT(-) or one of the pA/PRGAT(-)-de- 
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rived plasmids together with pHMG-PB1 (0.5 pig), pHMG- 
PB2 (0.5 ijug), pHMG-PA (0.5 /ig). and pHMG-NP (1 ixg) 
plasmids. Cells were incubated at 37°G until harvest at 
18, 24, or 48 h posttransfection. Using the CAT ELISA Kit 
(Roche), cell extracts were prepared in 250 /xl of the lysis 
buffer provided in the kit and tested for CAT levels. This 
procedure allowed detection of 0.05 ng/ml CAT. All ex- 
periments were done in duplicate. 

RNA analysis 

Total RNAs were prepared from COS-1 cells at 24 h 
posttransfection using the Trizol reagent (Gibco-BRL) 
and analyzed by Northern blot. The RNA samples were 
run on a 1.2% agarose, MOPS ix, and 0.6 M formalde- 
hyde gel, blotted onto a nylon membrane (Hybond N, 
Amersham), and fixed by UV irradiation. Membranes 
were hybridized with a CAT-specific ^^P-labe!ed ribo- 
probe, washed three times in 0.1 X SSC, 0.1% SDS at 
75°C for 15 min, dried, and exposed on a STORM820. 
Quantification was obtained using the Image Quant pro- 
gram (Molecular Dynamics). For detection of the viral-like 
mRNAs, poly(A)'' RNAs were purified from total RNAs 
using the Gen-Elute mRNA Miniprep Kit (Sigma) and 
were analyzed by slot blotting as described previously 
(Naffakh et aL, 2001). 

Sequencing of the 3' end of genomic RNA segments 

Virus isolates PR8 and MAL were grown in 11 -day-old 
embryonated chicken eggs. Viral genomic RNA was ex- 
tracted using the Trizol reagent (Gibco-BRL) and submit- 
ted to a polyadenylation reaction for 30 min at GO^'C 
using the yeast poly(A) polymerase (Amersham Pharma- 
cia Biotech) in the presence of 10 mM ATP. Complemen- 
tary DNAs were prepared by reverse transcription of the 
polyadenylated RNAs using a (dT)i5 oligonucleotide as a 
primer and 20 U AMV reverse transcriptase (Promega) 
with incubation at 42°C for 1 h followed by incubation at 
55°C for 15 min. Amplification was performed using an 
anchored (dT)i5 oligonucleotide (5'-AGATGAATTCGG- 
TACC (T)i5-3') together with a primer of negative polarity 
specific for the coding sequences of each of the eight 
segments of vRNA located about 300 bp upstream of the 
3' end. The AmpliTaq DNA Polymerase (Perkin-Elmer) 
was used in the presence of 10 mM MgClg. Thirty-five 
cycles were performed, each consisting of 10 s at 94°C, 
30 s at 40°C, and 30 s at 72°C. The PGR products were 
purified using a PGR Purification Kit (Qiagen) and se- 
quenced with an internal oligonucleotide, using the pro- 
tocol described above. The exact sequences of the prim- 
ers used for amplification and sequencing of the 3' end 
of each segment can be obtained from the authors upon 
request 
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Sequencing of the 5' end of genomic RNA segments 

Viral genomic RNA was submitted to reverse tran- 
scription as described above, using as primers oligonu- 
cleotides of positive polarity specific of the coding se- 
quences of each of the eight segments and located 
around 400 bp upstream of the 5' end. The cDNAs were 
purified using a PGR Purification Kit (Qiagen) and sub- 
mitted to an elongation reaction for 45 min at 37°G with 
the Escherichia coli Terminal Deoxynucleotide Trans- 
ferase (Amersham Pharmacia Biotech) in the presence 
of 5 mM dATP A first round of amplification was per- 
formed using the anchored (dT)i5 oligonucleotide de- 
scribed above, together with an oligonucleotide of posi- 
tive polarity specific for the coding sequence of each of 
the eight segments of vRNA, located about 300 bp up- 
stream of the 5' end. A second round of that "half-nested" 
reaction was performed after a 1:25 dilution step, using 
more proximal segment-specific primers together again 
with the anchored (dT),5 primer. The conditions used for 
amplification were the same as described above for 
determination of the vRNA 3' ends. The PGR products 
were purified using a PGR Purification Kit (Qiagen) and 
sequenced with an internal oligonucleotide, using the 
protocol described above. The exact sequences of the 
primers used for amplification and sequencing of the 5' 
end of each segment can be obtained from the authors 
upon request 
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It has previously been demonstrated in this laboratory that an influenza virus-like chloramphenicol 
acetyltransferase (CAT) RNA could be expressed in COS-1 cells that synthesized all ten influenza A 
virus-encoded proteins from recombinant plasmids. It was also shown that supernatant fluids 
harvested from these cultures contained virus-like particles (VLPs) that could deliver an enclosed 
CAT RNA to MDCK cells. Here, it is shown that the levels of expression of the reporter gene in the 
COS-1 and/or MDCK cells can be altered drastically by modifying the concentrations of the 
recombinant plasmids transfected in the COS-1 cells. Thus, it was observed that overexpression of 
NS2 reduced CAT expression in COS-1 cells, whereas overexpression of M2 and NS1 proteins 
dramatically decreased transmission of the CAT RNA to the MDCK cultures. These results are 
discussed with reference to the roles of these proteins during virus replication. From these 
experiments, a ratio of transfected plasmids was found that increased the efficiency of the 
previously described system by 50-100-fold. Under these optimized conditions, it was dem- 
onstrated that VLPs can be formed in the absence of neuraminidase expression and that these 
VLPs remained aggregated to each other and to cell membranes. Moreover, it is shown that CAT 
RNA transmission was dependent on specific interactions of the ribonucleoprotein complex with 
other viral structural polypeptides. These data demonstrate the usefulness of this encapsidation- 
packaging system for the study of different aspects of the influenza virus life-cycle. 



Introduction 

Influenza A virions are pleomorphic, enveloped particles 
with a diameter of 80-120 nm. The viral genome, which 
consists of eight negative-sense, single-stranded RNAs, has a 
coding capacity for ten polypeptides. The virion contains three 
integral membrane proteins, haemagglutinin (HA), neura- 
minidase (NA) and the M2 ion channel protein. Six other viral 
proteins are found within the virion membrane. Four of them 
[nucleoprotein (NP), PBl, PB2 and PA] are associated with the 
viral genome to form ribonucleoprotein (RNP) complexes and 
the other two polypeptides. Ml and NS2 [also called NEP; 
O'Neill et al (1998)], interact with each other and with the 
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RNPs. The NSl protein is the only non-structural component 
of the virus (Lamb, 1989; Lamb & Krug, 1996). 

The virus is internalized by receptor-mediated endocytosis 
and, after fusion of the viral and endosomal membranes, the 
infecting RNPs are transported from the cytosol to the cell 
nucleus (Martin & Helenius, 1991), where replication and 
transcription of the viral genome takes place (Herz ei al. 1981). 
The newly synthesized RNPs are then exported from the cell 
nucleus to the cytoplasm (Martin & Helenius, 1991; Whittaker 
ei al, 1996; O'Neill et al, 1998) and should reach the proximity 
of the cellular membrane, where virus budding occurs 
(Compans & Dimmock, 1969). 

Although the interactions between the virus components 
that govern formation of virion particles are poorly under- 
stood, it is thought that contacts between the RNPs and other 
virus components are critically important. In fact, it has been 
shown that interactions between the RNPs and the Ml and 
NS2 proteins modulate the nuclear-cytoplasmic transport of 
RNPs (Martin & Helenius, 1991; Whittaker d al, 1996; 
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O'Neill et al, 1998) and morphological (Murti et al, 1992) and 
biochemical (Zvonarjev & Ghendon, 1980; Zhimov, 1992) 
observations suggest that Ml protein associates with the 
RNPs in the virion. Despite these reports, functional evidence 
demonstrating the importance of the interactions between 
RNPs and other virus factors for the formation of infectious 
particles is still lacking. 

Contacts between the cytoplasmic tails of the virus 
membrane proteins and the virion internal components are also 
important for formation of the budding particle. Thus, viruses 
lacking the cytoplasmic tail of HA or NA or both have reduced 
infectivity and show alterations in their morphology Qin et al, 
1994, 1997; Garcia-Sastre & Palese, 1995 ; Mitnaul etal, 1996). 
The role of NA in the formation of infectious virions has been 
the subject of a number of studies. It has been shown that NA- 
deficient viruses produce particles that form large aggregates 
on the cell surface (Palese ei al, 197 A; Liu ei al, 1995) and that 
these particles, when released from the cell, can complete a 
round of replication in animals and cell culture (Liu ei al, 1995). 
These results indicate, therefore, that NA activity is needed to 
prevent formation of virus aggregates and to allow the release 
of fully assembled virus particles from the cell surface. It should 
be mentioned that the NA-deficient mutants, which were 
selected in the presence of bacterial NA, contained a deleted 
NA segment that retains the capacity to code for an N-terminal 
NA peptide (Yang ei al, 1997). It is, however, not known 
whether expression of this N-terminal sequence, which includes 
the membrane-anchoring region of NA, is required for 
formation of virions. 

Recently, we described a system in which a synthetic 
influenza A virus-like chloramphenicol acetyltransferase (CAT) 
RNA could be encapsidated, replicated and packaged into 
virus-like particles (VLPs) in cells expressing all virus-encoded 
polypeptides from plasmids (Mena ei al, 1996). This system is 
analogous to those described for the negative-sense RNA 
viruses vesicular stomatitis virus (Pattnaik & Wertz, 1991), 
rabies virus (Conzelmann & Schnell, 1994), Bunyamwera virus 
(Bridgen & Elliott, 1996) and human respiratory syncytial virus 
(Teng & Collins, 1998). The influenza virus rescue system was, 
however, very inefficient with respect to transmission of the 
CAT RNA by the VLPs. Therefore, the system was not 
suitable for systematic studies of the roles played by the viral 
proteins during virus replication. 

Here, we describe the optimization of the rescue system by 
a factor of ~ 50-100-fold and show the usefulness of this 
system for the study of the role of NA in formation of VLPs 
and to demonstrate that interactions of RNP components with 
other virus factors are required for formation of functional 
VLPs. 

Methods 

■ Cell cultures and viruses. COS-l and MDCK cells were 
maintained in Dulbecco's modified Eagle's medium (DMEM) containing 
10% foetal calf serum. Recombinant vaccinia virus (vTF7-3), which 



expresses T7 RNA polymerase, was kindly provided by B. Moss 
(National Institutes of Health, Bethesda, MA, USA) (Fuerst ei al, 1986). 
The influenza virus strains used were A/Victoria/3/ 75 (H3N2), 
A/Puerto Rico/8/34 (HlNl) and B/Panama/45/90. 

■ Plasmids and RNAs. Plasmids pGEM-PBl, pGEM-PB2, pGEM- 
PA, pGEM-NP, pGEM-HA, pGEM-NA pGEM-Ml, pGEM-M2, pGEM- 
NSl and pGEM-NS2, encoding the influenza virus polypeptides PBl, 
PB2, PA NP, HA, NA, Ml, M2, NSl and NS2, respectively, from the 
A/ Victoria/3/ 75 strain, have been described previously (Mena ei al, 
1994, 1996). In these plasmids, the virus genes are cloned downstream of 
the T7 promoter of plasmids pGEM-3 or pGEM-4 (Promega). Plasmid 
pGEM-M3-l, which contains a cDNA copy of mRNAg (derived from the 
M segment) (Lamb ei al, 1981) doned under the control of the T7 
promoter of plasmid pGEM-3, was derived by RT-PCR from mRNA 
isolated from cells infected with influenza virus A/Victoria/3/75. 
Plasmids pGB-PBl-89.1, pGB-PB2-2, pGB-PA-4 and pGB-NP-7, en- 
coding the influenza virus proteins PBl, PB2, PA and NP, respectively, 
from the B/Panama/45/90 strain, have been described previously 
Qambrina et al, 1997). Plasmids pIVACATl/S (Piccone et al., 1993) and 
pT7NSBCAT (Barclay & Palese, 1995) were kindly provided by P. Palese 
and W. S. Barclay (Mount Sinai School of Medicine, New York, USA). 
These plasmids were used to generate influenza A and B virus-like model 
RNAs after transcription with T7 RNA polymerase. These RNAs contain 
the CAT gene in negative polarity flanked by the 5' and 3' untranslated 
sequences of the RNA segment encoding the NS proteins of the 
corresponding influenza A or B virus. Plasmid concentrations were 
estimated spectrophotometrically by assuming that an A^^q of 1 
corresponded to 50 ng/ml DNA, 

■ Antibodies and Immunoblotting. Monoclonal antibodies 
(MAbs) M/58/p51/G, HAl-50 and M/234/1/F4, which recognize the 
A/Victoria/3/75 NP and HA proteins, and a rabbit antiserum that 
recognizes the C terminus of NP have been described previously (Arrese 
& Portela, 1996; Lopez et al, 1986; Sanchez-Fauquier ei al, 1987). Goat 
antiserum against M2 protein was a gift from Alan Hay (National 
Institute for Medical Research, London, UK). A polyclonal antiserum 
against Ml protein was obtained by inununizing rabbits with a denatured, 
histidine-tagged Ml protein. Western blotting analysis with antisera to 
M2, Ml or NP and MAb HAl-50 was carried out as described previously 
(Arrese & Portela, 1996). 

■ Construction of plasmids pGEM-MlA, pGEM-M2A and 
pGEM-NS2A. Plasmid pGEM-M2 contains a cDNA copy of the M2 
mRNA cloned in the polylinker of plasmid pGEM-3 (Promega). In this 
plasmid, the nucleotide sequence following the T7 promoter is 
GGGAGACCGGAAIICGAGCTCGGTACCCTCTTCAagcaaacgcag- 
gtagatatcgaaagflf^ . . . , where the pGEM-3 vector sequence is shown in 
capitals and the influenza virus-derived sequence is shown in lower case. 
The fcoRI site present in the vector is underlined and the ATG initiation 
codon of the M2 protein is indicated in italics. A new EcoRI site was 
introduced in this plasmid by converting the sequence ta into at. This 
mutagenesis step was carried with the Transformer site-directed 
mutagenesis kit (Clontech). The mutagenized plasmid was then digested 
with EcoRl and circularized to yield plasmid pGEM-M2A. This plasmid 
contains the sequence GGG AG ACCG G A ATTCg aaagg/g . . . following 
the T7 promoter and therefore lacks most of the virus sequences present 
upstream of the ATG codon in plasmid pGEM-M2. 

An analogous strategy was used to generate plasmids pGEM-MlA 
and pGEM-NS2A from plasmids pGEM-Ml and pGEM-NS2, respect- 
ively. The only difference was that an Xba\ site, instead of the £coRI site, 
was introduced to prepare plasmid pGEM-MlA, since plasmid pGEM- 
Ml was derived from the pGEM-4 vector. The sequences downstream of 
the T7 promoter in these plasmids were GGGAGACCGGAAGCTT- 
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Fig. 1. Optimization of input amounts of plasmids pGEM-M2A, pGEM-Ml A and pGEM-NS2A. (A) COS-1 cells were infected 
with VTF7-3 and transfected with plasmids encoding proteins PBI , PB2, PA, NP. HA, NA, Ml and NS2 (the amounts are 
indicated in the text) and the indicated amounts (^g) of plasmid pGEM-M2A. The cultures were transfected 5 h later with a 
synthetic CAT RNA. The supernatants from these cultures were harvested 72 h post-infection and added to MDCK cells that 
were superinfected with a helper influenza virus as detailed in Methods. Aliquots of the COS-1 and MDCK cell extracts were 
assayed for CAT activity and autoradiographs of the corresponding TLC plates are shown in the figure, with the positions of 
[ CJchloramphenicol and 3-acetyIated [^''Cjchloramphenicol indicated by open and filled arrowheads, respectively. CAT 
activities in MDCK cells were expressed as a percentage of that obtained in the sample yielding the highest activity (as shown 
bdlow each lane on the TLC). CAT activities in COS-1 cells were expressed as a percentage by considering the aaivity of the 
C05-1 cell sample corresponding to that yielding the highest CAT level in MDCK cells as 100%. The relative CAT activities are 
shown below each of the samples of the con-esponding TLC plate. The lower panel conresponds to a Western blot of the COS-1 
cell extracts probed with antibodies (a) against the proteins indicated. In sample -Ml , the plasmid pGEM-MI A was not 
'"rcf^^M-i^A^^^^ transfection mixture. (B) The experiment was performed as described in (A) except that the amount of plasmid 
pGEM-M2A included in the transfection mixture was 1 50 ng and the concentrations of pGEM-Ml A and pGEM-NS2A were 
varied as indicated. 



GCATGCCTGCAGGTCGACTCTAGAaagflf^... (pGEM-MlA) and 
GGGAG ACCG GAATTCg acata/?/g . . . (pGEM-NS2A). 

■ Assay for detection of functional VLPs. The standard protocol 
was carried out basically as described by Mena et al (1996). The major 
modifications were (i) that plasmids pGEM-MlA, pGEM-M2A and 
pGEM-NS2A were used instead of plasmids pGEM-Ml, pGEM-M2 and 
pGEM-NS2 and (ii) that the influenza virus strain A/Puerto Rico/8/34 
substituted for A/Victoria/3/75 as helper virus, since the former grows 
to higher titres in cell culture. Briefly, the protocol was as follows. 
Cultures of COS-1 cells (10« cells) growing in 35 mm diameter dishes in 
the presence of DMEM-Ara-Ant (DMEM containing 40 ^lg/ml cytosine 
^-D-arabinofuranoside, 100 U/ml penicillin and 100 ng/ml streptomycin) 
were infected with vTF7-3 (m.o.i. of 5). After virus adsorption, the 
cultures were incubated with 1 ml DMEM-Ara-Ant that was supple- 
mented with a 100 ^I mixture that contained cationic liposomes and the 
plasmids indicated in each case. After the optimization experiments, the 
optimal amounts of the plasmids in the transfection mixture were: 
pGEM-PBl (0-6 MgX pGEM-PB2 (0 6 Mg), pGEM-PA (0 2 jig), pGEM-NP 
(2 pg), pGEM-HA (0-6 ngX pGEM-NA (0 6 ng), pGEM-MlA (015 Mg), 
pGEM-M2A (015 ng) and pGEM-NS2A (01 ng) (see text for details). 
After 5 h incubation with the plasmids, the cells were transfected again 



with a mixture containing 0 5 Mg synthetic CAT RNA. After incubation 
overnight, the medium was replaced with 1 ml DMEM-Ara-Ant and the 
cultures were incubated for an additional 48 h. Cell supematants were 
then harvested and cell extracts were prepared. Aliquots of the cell 
extracts were used for Western blotting and for determination of CAT 
activity (see below). 

The supernatant collected from the COS-1 cells was clarified by 
centrifugation for 15 min in a microcentrifuge and subjected to three 
cycles of freezing and thawing. To test for the presence of VLPs, an 
aliquot of the supernatant (typically 400 yA) was incubated with trypsin 
(2-5 Mg/ml) for 15 min at 37 °C and added to 10^ MDCK cells, growing 
in 35 mm diameter dishes in the presence of DMEM-Ara-Ant. After 1 h 
incubation, the cells were superinfected with influenza virus A/Puerto 
Rico/8/34 (or B/Panama/45/90 when indicated) at an m.o.i. of 5 and the 
cultures were incubated for 17 h. Cell extracts were then prepared for 
determination of CAT activity. Routinely, for these assays a sample 
corresponding to 5000 COS-1 cells and to 50000 MDCK cells was 
incubated for 1 h at 37*'C with |"C]chloramphenicoI as described 
previously (Mena ei al, 1996). Quantification of CAT activity was 
performed by phosphorimaging of the acetylated spots detected on TLC 
plates by using a Fujix Bas 1000 phosphorimager and the software 
PCBAS V2.09. 
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■ Electron microscopy. Transfected cultures were pre-cooled for 
15 min at 4 °C and incubated for 30 min with the anti-HA MAb 
M/234/1/F4 (diluted 1:5 in DMEM containing 5% sheep serum). After 
washing with DMEM-5% sheep serum, the samples were incubated for 
30 min with a secondary antibody (10 nm gold-labelled, goat anti-mouse 
IgG; Auroprobe EM GAM IgC GlO; Amersham) diluted 1:20 in 
DMEM. After washing with Tris-buffered saline (25 mM Tris-HCl, 
pH 7-4, 2*68 mM KCI, 137 mM NaCl), the cells were fixed with 2% 
glutaraldehyde in 01 M cacodylate buffer (pH 7-4) and post-fixed with 
1% osmium tetroxide prepared in the same buffer for 1 h at 4 ^C. The 
fixed cells were then dehydrated and embedded in epoxy resin EPON 
812. Sections prepared with an LKB Ultratome IV were post-stained in 
1% aqueous uranyl acetate for 15 min and then 3 min in lead citrate and 
were visualized with a Philips 400T electron nucroscope at 80 kV. 

Results 

Optimization of the CAT rescue system 

As detailed previously (Mena et at., 1996), the protocol 
followed to generate and detect recombinant VLPs included 
two steps. In the first step, COS-1 cells were infected with 
vTF 7-3 and transfected with the pGEM-derived plasmids 
encoding all influenza virus polypeptides and with a synthetic, 
negative-sense CAT RNA. In the second step, the supernatant 
fluids collected from the transfected COS-1 cells were treated 
with trypsin and incubated with fresh MDCK cultures that 
were then superinfected with a wild-type influenza helper 
virus. Detection of CAT activity in COS-1 cells demonstrated 
expression of the model CAT RNA by the recombinant 
polymerase, whereas detection of CAT activity in the MDCK 
cell extracts indicated that the COS-1 cell supernatant 
contained functional VLPs, i.e. VLPs competent to deliver an 
enclosed CAT RNA into MDCK cells. 

It has been shown for a number of systems in which a 
model RNA is replicated and/or packaged that obtaining the 
highest replication and/or packaging levels depends on finding 
the optimal ratio of transfected plasmids (Pattnaik & Wertz, 
1990; Dunn et al, 1995; Sanz-Ezquerro et al, 1995; Teng & 
Collins, 1998). It was therefore decided to test the concen- 
tration-dependent effects of the transfected plasmids on the 
formation of influenza VLPs by following the protocol outlined 
above. The experiments were initiated with only the nine 
plasmids that encode the viral structural components, since we 
had demonstrated previously that formation of VLPs does not 
require expression of NSl protein (Mena el al, 1996). The 
concentrations of the plasmids encoding the virus core proteins 
were those found previously to be optimal for expression of a 
synthetic CAT RNA (Sanz-Ezquerro et al, 1995) and the 
starting concentrations of the remaining plasmids were those 
used in the previous report (1 |ig of each plasmid). 

The first experiment was to optimize the concentration of 
plasmid pGEM-M2A (Fig. lA), since preliminary assays 
indicated that the concentration of the M2 protein drastically 
affected the CAT activity detected in MDCK cells (not shown). 
It was observed that increasing the amount of transfected M2 
plasmid resulted in greater accumulation of the M2 protein in 



COS-1 cells, as expected from the transient expression system 
used (Fuerst et al, 1986). To detect alterations in the expression 
levels of the other recombinant proteins, which could arise as 
a result of transfecting different doses of a particular plasmid, 
we routinely checked for the accumulation of NP and/or HA 
in the different cell samples. As can be observed in Fig. 1 (A), 
there were no significant changes in the accumulation of these 
two proteins in any of the samples analysed. Moreover, the 
reporter gene activity measured in COS-1 cells was not 
affected by the level of expression of M2, indicating that this 
protein does not modify the functionality of the core proteins 
to express the input CAT RNA. However, the concentration 
of the M2 plasmid affected formation of functional VLPs 
drastically. Transfection of very small amounts of the plasmid 
(5 ng) were sufficient to allow detection of functional VLPs and 
maximum detection was achieved after transfection of 150 ng 
plasmid. From that point on, CAT activity in MDCK cells 
decreased until it reached virtually background values with 
transfection of 0-9 ng plasmid. On the basis of these results, all 
subsequent transfection experiments were carried out with 
150 ng pGEM-M2A. 

It was next decided to titrate the plasmids encoding the Ml 
and NS2 proteins. In preliminary tests, it was observed that 
transfecting more than 300 ng pGEM-NS2A had an inhibitory 
effect on CAT expression in COS-1 cells (data not shown, see 
below), whereas transfection of small amounts of the Ml 
plasmid (50 ng) resulted in low levels of CAT expression in the 
MDCK cultures (data not shown). Since Ml and NS2 proteins 
appear to interact with each other (Yasuda et al, 1993 ; O'Neill 
et al, 1998), it was decided to carry out co-transfection 
experiments with the plasmids encoding these two proteins. 
On the basis of preliminary experiments, the doses chosen for 
these analyses varied from 150 to 1300 ng for pGEM-MlA 
and fi-om 30 to 300 ng for pGEM-NS2A (Fig. 1 B). For each of 
the three doses of pGEM-MlA tested, 100 ng of the NS2 
plasmid always yielded the highest CAT activities in MDCK 
cells; the sample transfected with the smallest amount of Ml 
plasmid was the one which yielded the highest reporter gene 
activity in MDCK cells. It was again observed that there was 
a direct correlation between the amount of plasmid pGEM- 
MlA transfected and the concentration of Ml protein in the 
COS-1 cultures. The accumulation of NS2 protein was not 
tested because of the lack of an appropriate immunological 
reagent. 

Once the optimal amounts of the Ml (150 ng) and NS2 
(100 ng) plasmids were determined, the dose-dependent effects 
of HA and NA plasmids in the CAT rescue system were 
investigated. As shown in Fig. 2(A), the different amounts of 
plasmids tested did not have any significant effect on the CAT 
activity obtained in COS-1 cells and the doses of these two 
plasmids that yielded the highest level of CAT expression in 
MDCK cells were 600 ng. 

It was then decided to study the effect of NP concentration 
on the system and to confirm the inhibitory effect (mentioned 
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Fig. 2. Optimization of input amounts of plasmids pGEM-HA, pGEM-NA, pGEM-NP and pGEM-NS2A. (A) The experiment was 
performed as described in Fig. 1 (B) except that the amounts of plasmids pGEM-MI A and pGEM-NS2A Included In the 
transfection mixture were 1 50 and 100 ng. respertively. The concentrations of pGEM-HA and pGEM-NA were varied as 
indicated. (B) The experiment was performed as described In (A) except that the amounts of pGEM-HA and pGEM-NA included 
in the transfection mixture were 600 ng each. The concentrations of plasmids pGEM-NP and pGEM-NS2A were varied as 
indicated. 



above) of NS2 on expression of the CAT RNA in COS-1 cells 
(Fig. 2 B). It was observed that reducing the amount of NP 
plasmid led to a reduction in the level of CAT expression in 
COS-1 cells. A similar effect was observed by increasing the 
amount of plasmid pGEM-NS2A in the transfection mixture. In 
both cases, the CAT activity detected in MDCK cells was 
roughly proportional to that detected in COS-1 cells. One 
interpretation of these results would be that either small 
amounts of NP or large amounts of NS2 reduced the 
production of viral RNPs (containing the CAT RNA) in 
transfected cells. Consequently, less viral RNP would be 
packaged into VLPs and lower CAT activity would be detected 
in the MDCK cell extracts. On the basis of the results obtained, 
the doses of plasmids encoding NP and NS2 were maintained 
at 2 ng and 100 ng, respectively. 

Once the system had been optimized in the absence of NSl 
protein, we re-examined the effect of this protein on formation 
of VLPs. It was confirmed that NSl protein was not required 
for efficient transmission of CAT RNA to MDCK cells (Fig. 
3 A) (Mena et aU 1996). Strikingly, it was observed that 
increasing the amount of NSl plasmid from 100 ng to 2 ng 
resulted in a 100-fold reduction in the CAT activity detected 
in MDCK cells, whereas within this dose range, there was only 
a ^ 3 -fold reduction in the CAT activity observed in the COS- 
1 cell extracts. 

Finally, the possible effect of mRNAg on the rescue system 
was tested. mRNAg is a spliced product derived from RNA 



segment 7 and it contains an open reading frame for a 9 amino 
acid peptide that has never been found in infected cell cultures 
(Lamb et ai, 1981). As shown in Fig. 3(B), expression of 
mRNAg did not have a significant effect on the reporter gene 
activities reached in COS-1 and MDCK cells. It should be 
pointed out that the Ml mRNA (derived from plasmid pGEM- 
MIA) will not be spliced to generate mRNAg, since it lacks the 
5' splice site. Moreover, it is worth mentioning that the 17- 
derived transcripts produced in the vaccinia 77 system are not 
expected to be spliced, since they are synthesized in the 
cytoplasm. 

From the above experiments, we determined the optimal 
concentration of the nine plasmids encoding the virus structural 
polypeptides that allowed efficient formation of functional 
VLPs. By considering the amounts of the MDCK cell extract 
tested in the CAT assays (5% as compared to 20-50% in the 
previous report) as well as the CAT activities observed, it was 
calculated that the optimized rescue system was 50-100-foId 
more efficient than the previous one (Mena et al, 1996) for 
CAT transmission to the MDCK cells. 

CAT transmission to MDCK cells is mediated by VLPs 

Using the optimized conditions, a series of experiments 
identical to those described in the previous report (Mena et al, 
1996) were carried out to characterize the particles that 
transmitted the CAT RNA. It was confinned, with three 
different plasmid preparations, that expression of all viral 
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Fig. 3. Optimization of input amounts of plasmids pGEM-NSl and pGEM-M3. The experiment was performed as described in 
Fig. 2 (B). The concentrations of piasmids pGEM-NS1 (A) and pGEM-M3-1 (B) were varied as indicated. N.A., Not analysed. In 
sample -NS2, the plasmid pGEM-NS2A was not included in the transfection mixture. 
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Fig. 4. Viral proteins required for transmission of CAT RNA and characterization of the VLPs that transmit the CAT RNA to 
MDCK cells. (A) COS-1 cells were infected with vTF7-3 and transfected with the nine plasmids encoding the stmctural viral 
polypeptides (sample -NS1) or with only eight of them (samples -HA, -NA, -Ml, -M2 and -NS2, where the plasmid 
encoding the indicated gene product was also omitted). The cultures were then transfected with a CAT RNA and the 
supernatants from these cultures were tested on MDCK cells. Aliquots of the COS-1 and MDCK cell extracts were assayed for 
CAT activity as detailed in Methods. (B) The supernatant obtained from COS-1 cells expressing the nine structural virus 
polypeptides and transfected with a CAT RNA was harvested. Aliquots of this supernatant were then incubated with trypsin, 
RNase A or MAbs specific for influenza virus HA (MAb 234/1 /F4) or NP (MAb M58/p51 /G) as indicated. The treated 
supernatants were next added to MDCK cells, which were then mock-infected or infected with the influenza virus strain 
A/Puerto Rico/8/34 as indicated (Inf. virus). Cell extracts were prepared and assayed for CAT activity as described above. 



structural proteins was required for detection of CAT activity 
in MDCK cells (Fig. 4 A). Moreover, it was demonstrated that 
treatment of the COS-1 cell supernatant with trypsin and 
superinfection with an influenza helper virus were absolute 
requirements for detection of reporter gene activity in MDCK 
cells (Fig. 4B). In addition, it was shown that transmission of 
the CAT RNA to MDCK cells could be abolished by incubation 
of the COS-1 cell supernatant with a neutralizing anti-HA 
MAb but that it was unaffected by treatment of this 
supernatant with a MAb to NP, an antiserum to vaccinia virus 
or RNase A (Fig. 4B and data not shown). Taken together. 



these results allowed us to conclude that the CAT activity 
detected in the MDCK cell extracts was transmitted by VLPs 
enclosing the CAT RNA and that these VLPs should resemble 
authentic influenza virions, since expression of all virus 
structural proteins was required for CAT RNA transmission. 



Electron microscopy of VLPs 

In an attempt to visualize the recombinant VLPs, thin 
sections of COS-1 cells expressing all virus structural proteins 
were incubated with an anti-HA MAb and examined by 
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Fig. 6. Formation of heterotypic VLPs. Four COS- 1 cell cultures (samples 1-4) were infected with vTF7-3 and then transfected 
with DNA mixtures containing the pGEM-derived plasmids corresponding to the influenza A virus proteins HA, NA, Ml , M2 and 
NS2. The DNA mixtures contained, in addition, four plasmids encoding the three subunits of the polymerase and NP from either 
AA/ictoria/3/75 (A) or B/Panama/45/90 (B) influenza viruses (as indicated under PoI + NP). The amounts of type B plasmids 
included in the transfection mixture were: 1 \iq of pGB-PBI -89.1 , 0*5 \ig of pGB-PB2-2, 0-5 ng of pGB-PA-4 and 3 ^g of 
pGB-NP-7. The cells were transfected again 5 h later with an NS-CAT RNA containing the conserved ends of either type A or B 
virus (indicated in RNA). At 72 h post-infection, cell supernatants were harvested and the COS-1 cell extracts were assayed for 
CAT (left panel). Supernatants from COS-1 samples 1-4 were divided into two aliquots and added to MDCK cultures that were 
then infected with either influenza virus A/Puerto Rico/8/34 (A) or B/Panama/45/90 (B) as indicated (Inf. virus). Cell extracts 
were prepared 1 7 h later and assayed for CAT expression (right panel). 



electron microscopy (Fig. 5, samples — NSl). A few fila- 
mentous particles were observed in the proximity of 5-30% of 
the cells examined (routinely more than 100) and similar 
structures were not observed in cultures that did not receive 
plasmid pGEM-MlA. These particles resembled authentic 
influenza virions in size and morphology and could be labelled 
specifically with an anti-HA antibody. It was therefore 
concluded that the particles detected corresponded to the 
VLPs that transmitted the CAT RNA. 

We have demonstrated that the supernatant from COS-1 
cells expressing all structural proteins except NA was unable to 
transmit the CAT RNA to MDCK cells (Fig. 4 A). One 
explanation of this result would be that VLPs were not formed 
in the absence of the NA protein. Alternatively, on the basis of 
the results obtained with the NA-deficient viruses (see 
Introduction), it is possible that budded particles were formed 
but that they remained aggregated and attached to the surface 
of the COS-1 cells. To distinguish between these two 
possibilities, COS-1 cultures not expressing NA were ex- 
amined by electron microscopy (Fig. 5, samples — NA). 
Particles that had apparently completed budding were ob- 
served in 5-30 % of the cells examined. Virtually all particles 
observed were found in aggregates or associated with the cell 
surface singly or in small groups. The aggregated particles 
could be decorated with an anti-HA MAb and structures of this 
kind were not observed in cultures expressing all structural 
proteins except NA and Ml. On the basis of these findings, we 
concluded that the filamentous, membrane-associated particles 
were in fact VLPs lacking NA. 

Interactions between RNPs and other viral proteins 
are essential for formation of functional VLPs 

It was then decided to test whether the rescue system could 
provide functional evidence of the importance of interactions 
between RNPs and other viral proteins for the formation of 
mature virions. To this end, transfection mixtures containing 



plasmids encoding either the influenza A or B virus core 
proteins and, in addition, plasmids expressing the influenza A 
virus HA, NA, Ml, M2 and NS2 proteins were prepared. 
These mixtures were transfected into COS-1 cells that were 
then further transfected with either an influenza A or B virus- 
type CAT RNA. The supernatants from these cultures were 
then assayed for CAT RNA transmission to MDCK cells by 
the standard protocol, infecting the cultures with either 
influenza A or B virus. The results obtained in a representative 
experiment are shown in Fig. 6. As we have described 
previously Qarnbrina et al, 1997), both the influenza A and B 
core proteins were capable of replicating/amplifying the 
heterotypic RNAs. However, CAT expression in MDCK cells 
was only observed in the samples in which all recombinant 
proteins and the helper virus were from the type A virus, 
independent of the transfected CAT RNA. These results 
suggest that virus type-specific contacts between the RNPs 
and other viral polypeptides are required for formation of 
functional VLPs. 



Discussion 

We have described here an optimized system that allows 
efficient rescue of synthetic CAT RNA into fijnctional VLPs. 
Several interesting observations were made during the optimi- 
zation experiments. Overexpression of the NS2 protein had an 
inhibitory effect on CAT expression in COS-1 cells, suggesting 
that this protein reduced the level of transcription and/or 
replication of the input CAT RNA. It is suggested that the 
observed effect may involve interactions of NS2 with virus 
factors other than the core proteins, since other authors did not 
observe such an effect in cells expressing exclusively NS2 and 
the four core proteins (Huang ei ah, 1990; Enami ei ah, 1994). 
It remains to be tested whether the NS2 effect may have 
something to do with the poorly characterized role of the 
protein in replication of viral RNAs (Odagiri & Tobita, 1990) 
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and/or with the role of NS2 in transport of RNPs from the 
nucleus to the cytoplasm (O'Neill et al, 1998). 

Overexpression of M2 completely blocked CAT RNA 
transmission to MDCK cultures. M2 functions as an ion 
channel protein (Sugrue ei al, 1990; Pinto et al., 1992) and it 
has been shown that, when this protein is overexpressed, the 
intracellular transport of co-expressed HA is inhibited and the 
accumulation of HA at the plasma membrane is reduced by 
75-80% (Sakaguchi ei al, 1996; Henkel & Weisz, 1998). It is 
suggested that a similar effect occurs in the rescue system, so 
that, by overexpressing M2, the accumulation of virus 
membrane proteins at the plasma membrane is reduced and 
hence there is a drastic reduction in the number of functional 
VLPs produced. 

The situation with NSl is peculiar, in that the protein was 
not needed for formation of functional VLPs but functional 
VLPs were not detected when the protein was overexpressed. 
The NSl protein is an RNA-binding protein that has been 
found associated with RNPs (Marion et al, 1997) and that 
inhibits nucleocytoplasmic transport of RNAs, stimulates 
translation of viral mRNAs and modulates splicing of influenza 
virus mRNAs (Nemeroff et al, 1998; reviewed in Lamb & 
Krug, 1996; Ortin, 1998). We hypothesize that, when NSl 
protein is overexpressed, the CAT RNPs are sequestered into 
the cell nucleus and therefore cannot be packaged into VLPs. 

It should be mentioned that the three proteins (NSl, NS2 
and M2) that most dramatically affected CAT expression are 
translated in infected cells from spliced mRNAs (M2 and NS2) 
or from an mRNA that is a substrate for splicing (NSl) (Lamb 
& Lai, 1980; Lamb et al, 1981), This is consistent with previous 
evidence indicating that splicing of viral mRNAs is tightly 
regulated in infected cells (Alonso-Caplen & Krug, 1991; 
Valcarcel et al, 1991; Shih ei al, 1995). 

We have shown here, using three different plasmid 
preparations, that all virus structural proteins were required for 
formation of functional VLPs. It should be mentioned that in 
our previous report (Mena ei al, 1996), similar results were 
obtained with two plasmid preparations but in the case of a 
third, it was observed that expression of M2 was not required 
for formation of functional VLPs. We found here that 
transfecting very small amounts of the M2 plasmid was 
sufficient for a positive CAT signal to be detected in the 
MDCK cells. It is therefore suggested that the results obtained 
previously with one of the plasmid preparations were probably 
due to minor contamination with the M2 plasmid. 

It was demonstrated by electron microscopic analysis that 
particles similar to wild-type virions were formed in the 
absence of NA expression. As indicated above, the NA- 
deficient mutants described previously, which were selected in 
the presence of bacterial NA, retained the capacity to encode 
an N-terminal NA peptide (Yang etal, 1997). Our data indicate 
that expression of this NA fragment is not essential for virus 
particle formation, although we cannot rule out that its 
expression could confer a selective advantage to the NA- 
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deficient virus. It has been described that viruses lacking the 
cytoplasmic tail of NA have a higher tendency to be 
filamentous (Mitnaul ei al, 1996; Jin ei al, 1997). This 
observation has been made with the WSN strain, which 
produces primarily spherical particles. It has not been possible 
to determine whether a similar effect occurs with the 
A/ Victoria/3/ 75 VLPs formed in the absence of NA, since 
both the wild-type virions and the VLPs containing NA appear 
mainly as filamentous viruses. 

Functional VLPs were not detected when the core proteins 
were derived from an influenza B virus and the rest of the 
structural proteins from a type A virus. This result suggests 
strongly that critical virus type-specific interactions between 
the RNP components and other viral proteins take place during 
virion assembly. These interactions probably involve protein- 
protein rather than RNA-protein contacts, since an influenza B 
virus RNA could be transmitted to MDCK cells by the type A 
proteins. In the RNP complexes, the polymerase complex 
holds the RNA ends together, whereas NP interacts with the 
rest of the RNA, exposing the RNA bases to the solvent 
(Klumpp ei al, 1997). We propose that the interactions that 
affect RNP packaging involve the NP polypeptide, since the 
polymerase subunits are minor components of the RNPs. An 
interesting observation made during the experiments involv- 
ing heterotypic virus components was that the type A CAT 
RNPs were expressed in MDCK cells infected with an influenza 
A virus but not when the cells were infected with an influenza 
B virus (samples 1 and 1, Fig. 6). We had hypothesized (Mena 
et al, 1996) that the CAT RNPs delivered into MDCK cells are 
capable, in the absence of helper virus infection, of primary 
transcription, but that detection of CAT activity depends on 
the replication (amplification) of the CAT RNPs, mediated by 
the proteins provided in trans by the helper virus. The lack of 
expression of the type A CAT RNPs in influenza B virus- 
infected cells indicates that the influenza B virus proteins 
cannot switch the type A CAT RNPs from primary tran- 
scription to replication. 

In summary, we have developed an efficient encapsidation- 
packaging system and we have presented evidence that shows 
its usefulness in the characterization of the roles of viral 
proteins during the influenza virus life-cycle. 
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Abstract 

The antigenic variation of influenza A virus hemagglutinin (HA) and neuraminidase (NA) glycoproteins 
requires frequent changes in vaccine formulation. The classical method of creating influenza virus seed 
strains for vaccine production is to generate 6+2 reassortants that contain six genes from a high-yield virus, 
such as A/PR/8/34 (HlNl) and the HA and NA genes of the circulating strains. The techniques currently 
used are time-consuming because of the selection process required to isolate the reassortant virus. We 
generated the high-yield virus A/PR/8/34 (HlNl) entirely from eight plasmids. Its growth phenotype in 
embryonated chicken eggs was equivalent to that of the wild-type virus. By using this DNA-based 
cotransfection technique, we generated 6+2 reassortants that had the antigenic determinants of the 
influenza virus strains A/New Caledonia/20/99 (HlNl), A/Panama/2007/99 (H3N2), A/teal/HK/W312 
(H6N1), and A/quail/HK/Gl/97 (H9N2). Our findings demonstrate that the eight-plasmid system allows 
the rapid and reproducible generation of reassortant influenza A viruses for use in the manufacture of 
vaccines. 
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